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ABSTRACT

THERMAL PERFORMANCE ENHANCEMENT OF MICRO-
ENCAPSULATED PHASE CHANGE MATERIAL/GEOPOLYMER
COMPOSITES THROUGH GRAPHITE PLATELETS AND NANO-

ADDITIVES FOR BUILDING ENERGY STORAGE APPLICATIONS

Tamer, Tolga
Master of Science, Micro and Nanotechnology
Supervisor : Assoc. Prof. Dr. Cagla Akgiil
Co-Supervisor: Prof. Dr. Derek K. Baker

January 2023, 111 pages

The demand for sustainable, low-energy buildings with minimized operating costs is
increasing. Meeting this ever increasing demand while providing sufficient occupant
thermal comfort is a challenge. In the recent years, solutions that try to utilize the
thermal energy storage potential of the building envelope are being developed at a
rapid pace. Combining the high storage capacity of micro-encapsulated phase change
materials (mPCM) with high thermal conductivity waste materials lead to
sustainable, low-carbon and low-cost composites. This research is intended to
measure and analyze the mechanical, microstructural, and thermophysical properties
of different types of mPCM incorporated geopolymer composites for building
envelope applications. Several types of locally available waste materials with
varying chemical compositions will be prepared with PCMs with melting point of
24°C. Furthermore, nano-SiOz, nano-TiO,, and graphite platelets were added in
order to enhance the mechanical and thermal properties of the mPCM/geopolymer

composites. The experiment results showed that geopolymer composites with



enhanced thermal and sufficient mechanical properties were developed by

incorporating nanoparticles and graphite platelets into the geopolymer matrix.

Keywords: Microencapsulated phase change materials, Geopolymers, Nanoseed
activation, Graphite, Thermal conductivity
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BiINA UYGULAMALARINDA ENERJi DEPOLAMA AMACIYLA
KULLANILAN MiKRO KAPSULLU FAZ DEGISTIREN
MADDE/JEOPOLIMER KOMPOZITLERININ TERMAL
PERFORMANSININ GRAFIiT VE NANO PARCACIKLAR
ARACILIGIYLA iYIiLESTiRiILMESI

Tamer, Tolga
Yuksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dog. Dr. Cagla Akgul
Ortak Tez Yoneticisi: Prof. Dr. Derek K. Baker

Ocak 2023, 111 sayfa

Siirdiiriilebilir ve enerji harcamalarinin minimum diizeye indirildigi diisiik enerjili
bina ihtiyaci artmaktadir. Giderek artan bu ihtiyaci kullanici termal konforunu
gozeterek karsilamak ise baslica zorlugu olusturmaktadir. Son yillarda, binalarin dis
cephesinin 1s1l enerji depolama kapasitesinden yararlanmaya ¢alisan yontemler hizli
bir sekilde gelistirilmektedir. Mikroenkapstle faz degistiren maddelerin (mMFDM)
yiksek depolama kapasitesini, yliksek 1s1 iletkenligi olan atik malzemelerle
birlestirmek; 1s11 depolama kapasitesi ile birlikte, Uretilen malzemenin genel
performansinin da artmasmi saglayarak, siirdiiriilebilir, ¢evre dostu ve diisiik
maliyetli kompozitlerin iiretilmesine olanak tanimaktadir. Bu c¢alismanin amaci,
farkli tipteki baglayict/ mFDM kompozitlerinin termofiziksel, mekanik ve mikroyapi
ozelliklerini analiz etmek ve bu kompozitleri bina dis cephesi uygulamalar icin
incelemektir. Kompozitler, degisik kimyasal kompozisyonlarda ve yerel olarak
temin edilebilen farkli tipteki atik malzemeler ve mFDM erime sicakliklar1 (24°C)
gbz Oniine alinarak hazirlanacaktir. Ayrica, nano-tanecik ve grafit ilavesi ile

mFDM/jeopolimer kompozitlerinin 1s1l ve mekanik ozelliklerinin iyilestirilmesi
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amaglanmistir. Deney sonuglari, gelismis termal ve yeterli mekanik 6zelliklere sahip
jeopolimer kompozitlerin, jeopolimer matrisine nanopartikiiller ve grafit levhaciklar

dahil edilerek gelistirildigini gostermistir.

Anahtar Kelimeler: Mikroenkapsiile faz degistiren malzeme, Jeopolimer,

Nanocekirdek aktivasyonu, Grafit, Termal iletkenlik
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CHAPTER 1

INTRODUCTION

The building sector significantly contributes to total energy consumption, accounting
for approximately 30% of global final energy use and nearly 15% of direct CO;
emissions. Energy-related CO> emissions from electricity generation and
commercial heat used in buildings continued to rise with an average of 1% per year
between 2010 and 2020 due to population growth, rapid urbanization, global
warming, preference for larger floor spaces, and other driving factors [1].
International Energy Agency (IEA) indicates that all new buildings and 20% of the
existing building stock should be zero-carbon to achieve the ambitious carbon
neutrality target by 2050 as a part of the European Green Deal [1]. Furthermore, the
current energy crisis created by the COVID-19 pandemic and the Russia — Ukraine
war forces countries to seek new alternatives to replace conventional fossil fuels with
renewable energy sources. In this regard, reducing heating and cooling-related
energy use in buildings has become a top priority for many countries to achieve the
carbon neutrality target and respond to the growing energy crisis.

Therefore, as one of the major contributors to energy consumption and direct CO>
emissions, the building sector should immediately respond to the rising energy use
and energy-related CO> emissions in terms of different building design alternatives

and enhanced energy efficiency measures.

In buildings, heating, ventilation, and air-conditioning (HVAC) systems account for
more than 50% of the total energy consumption [2], placing a considerable strain on
energy supply systems with significant environmental and economic consequences.
Thus, various policy measures have been implemented in many countries to enhance

the energy efficiency of HVAC systems [3]. However, instead of solely relying on
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improving the efficiency of the HVAC systems, passive energy-saving system
approaches are also considered to curb the growing energy demand. Thermal energy
storage in buildings can be accomplished by sensible heat (for instance, by increasing
and reducing the temperature of the building envelopes) or latent heat (incorporating
PCMs to increase thermal inertia). The primary benefit of latent heat storage is its
high storage density at low temperatures. Latent storage can be utilized for building

heating and cooling and can be included in a passive or active system [4].

Cabeza et al. [5] divide the possible use of PCMs in buildings into four categories:
free cooling, peak load shifting, active building systems, and passive building

systems. Table 1 gives each type a brief description of the respective application.

Table 1. Possible use of PCMs in buildings

PCM utilization Description

Free cooling The ability to store outside coolness
and release it indoors during the day.
The ambient temperature must be
above the PCM's phase change
temperature during the day and below
it at night for these systems to function.

Peak load shifting By transferring peak load away from
peak hours of electricity demand using
PCMs, peak load can be distributed
throughout the day, minimizing the
highest peaks.

Active systems PCMs can be incorporated into
applications such as solar heat pump

systems, heat recovery systems.




Table 1 (Cont’d)

Passive systems The use of PCMs in building envelopes
increases the thermal mass. The
materials containing PCMs will be
liquid during the day and solid at night.
This will prevent rooms from
overheating throughout the day during
warm months and may lower the
demand for nighttime heating during

the winter.

Passive cooling approaches, which utilize ambient cooling sinks to moderate the
increasing air temperatures in buildings, have proven to be a robust alternative to
resource-consuming HVAC systems. Passive cooling techniques include solar and
heat protection systems, modulation, and dissipation [6]. The heat modulation
techniques benefit from the thermal storage capacity of building materials to
discharge the stored heat gradually, eliminating the sudden temperature fluctuations
in building spaces and reducing the energy use of buildings [4] [5]. As such, extreme
outside temperatures have a diminished impact on indoor spaces, ensuring

comfortable thermal conditions.

In recent years, PCM application to buildings and investigation of energy
performance and thermal comfort by simulation tools have been studied by several
researchers to optimize the overall efficiency of PCM systems [8]. Due to the fact
that embedding PCM into cementitious materials affects both the thermophysical
and mechanical characteristics of concrete, only a limited amount (mass fraction) of
PCM can be introduced to cementitious materials for specific applications. This is
typically the case with load-bearing structures, for which concrete is frequently
employed because of its high strength. In contrast, lightweight concretes used for

partition walls permit the incorporation of a greater quantity of PCM. There is also



the option of utilizing multilayer structures. The load-bearing core of the concrete
structure can be composed of high-strength concrete, while the thermal storage

surface layers exposed to the environment can be composed of PCM [9].

Due to the complex behavior of the PCM-integrated buildings, the most important
features that characterize the PCM effectiveness, such as material selection, location,
and quantity of the PCM in the envelope, have been studied in detail. Saffari et al.
[8] studied the optimization of PCM melting temperature to enhance the cooling,
heating, and total energy performance of a residential building considering different
climatic regions in the world. Their results showed that cooling dominant climates
achieved the best performance choosing PCM melting temperature of 26°C, and
heating dominant climates achieved higher energy savings with PCM melting at
20°C. In a similar study, de Gracia [10] proposed a dynamic PCM system that
modifies the PCM layer position inside the building envelope by optimizing PCM
peak melting temperature and daily activations of the system using the Particle
Swarm Optimization (PSO) algorithm. Bhamare et al. [11] developed five machine
learning and one deep learning-based methods to predict the energy performance of
PCM integrated roofs, considering different thermo-physical properties of the PCM.
Their results showed that Gradient boosting regression showed the best performance
compared to other machine learning models in predicting the performance of the
PCM integrated roof. Park et al. [12] conducted a comparative analysis to find the
best-performing PCM considering different building types and PCM melting points.

Although there is a high number of studies that investigated the effect of PCM
incorporation into building envelopes to enhance the overall energy performance of
the buildings, it has not yet been used in practice due to the undesirable features after
PCM integration, such as loss of strength and questionable long-term stability [13].
The challenges associated with the integration of PCM may also be addressed by
using geopolymer composites, which have distinct advantages over conventional

ordinary Portland cement (OPC).



The production of OPC consumes a vast amount of energy and raw materials and
releases a substantial amount of CO; that contributes to global warming [14]. Global
yearly cement production is estimated to be 6 billion tons, with CO2 emissions
exceeding 5 billion tons yearly [15]. This will be an unsettling condition; thus, there
is an immediate need to reduce CO2 emissions from the cement industry. There are
two options: To save energy and raw resources and minimize CO2 emissions, OPC
can be partially or fully substituted with supplemental cementitious ingredients, and

clinker-free cement can be produced [14].

Geopolymer is emerging as an alternative material having cementitious properties.
It is produced by alkali activation of alumino silicate-containing industrial or agro-
waste materials such as fly ash, slag, clay, silica fume, rice husk ash, etc. Geopolymer
mortars and concretes are anticipated to be energy-efficient and environmentally
friendly binding materials. Geopolymer manufacturing reduces waste and protects
the environment. Therefore, using geopolymer as the binder material to produce
PCM-incorporated composites, both energy storage on a building scale can be
achieved with decreasing heating/cooling energy consumption, and industrial and

agro waste materials can be used in terms of circular economy practices.

Incorporating PCM into cement matrix increases the heat storage capacity of the
cementitious composites; thus, it provides an opportunity for heat storage
applications in building applications. The thermal conductivity of PCM-incorporated
cement-based systems is a key transport property that directly reflects the heat
transfer rate. In addition to melting temperature and energy density dictated by the
specific heat of fusion, the power capacity of the melting or solidification process is
determined by the thermal conductivity as the actual thermal performance of the
PCM composite. However, the low thermal conductivity of the PCM can inhibit heat
transfer through the matrix, and the latent heat activation of PCM could not be

achieved.

In order to increase the lower thermal conductivity of the PCM-incorporated

composites, conductive fillers such as metal nanoparticles, carbon nanotubes,



graphene, or other carbon-based materials can be implemented. The minimal
additive dose required to generate continuous conductive channels within the
composite is referred to as the percolation threshold, which depends on numerous
aspects, including additive composition (size and shape), concentration, and

aggregation degree [16].

One such conductive additive is natural graphite, which, due to its wide availability
and moderate cost, has the potential to be utilized in cementitious composites for
heat transfer enhancement. The layered planar structure of graphite powder, along
with its anisotropy and mild inter-planar forces, ability to conduct electricity and heat
well, resistance to chemical attack, and stability under ordinary conditions, makes
the graphite an excellent candidate to be used as a conductive filler in cementitious

systems [16].

Although graphite has been combined with cementitious materials to investigate the
thermoelectrical properties of composites for smart building applications such as
self-sensing concrete, graphite's heat transfer advancement properties are an
understudied area. In literature, in their study, Xiong et al. [17] examined the effect
of graphite nanoplatelets in PCM-incorporated cementitious composites for better
heat transfer performance. They used OPC (CEM I 52.5 N) and styrene/n-eicosane-
based PCM. They incorporated both mPCM and graphite nanoplatelets into cement
paste. mPCM content changed between 5 to 15 wt% cement, and graphite
nanoplatelets were added between 1 to 5 wt% cement. The thermal conductivity
results showed that the thermal conductivity of the cement paste decreased by 40%
(0.865 W/mK to 0.525 W/mK) when 15% PCM was incorporated. However,
utilizing 5 wt% graphite nanoplatelets increased the thermal conductivity of the
composite by 40% (0.865 W/mK to 1.218 W/mK) compared to the control mix.

In addition, the effect of adding 5 wt% GP on the heat transfer performance of the
composite improved as the PCM concentration increased. Besides, they concluded
that it was discovered that the addition of graphite nanoplatelets influences the

hydration process of the cement samples, which may change the samples' mechanical



qualities. However, they did not further comment on the mechanical properties of
the composites; thus, the suitability of the developed cement composites for building

applications in terms of mechanical performance is not detailed in this study.

Moreover, the mechanical strength loss due to PCM incorporation is another concern
for the widespread application of the PCM incorporated building materials. The
addition of nanoparticles could potentially enhance mechanical properties while
developing composites for energy-harvesting applications. In this regard, the effect
of nano-SiO2 and nano-TiO. on the mechanical as well as thermal properties of
PCM-integrated geopolymer composites is an understudied area and will be

investigated further in this work.

As a result, this study focuses on developing environmentally friendly PCM-
incorporated geopolymer composites for energy harvesting in building applications.
The well-known drawbacks of PCM incorporation into cementitious systems,
namely thermal conductivity reduction and loss in mechanical strength, will be
addressed by utilizing graphite powder as well as nanoparticles such as silica and

titania.






CHAPTER 2

LITERATURE REVIEW

2.1  Phase Change Materials (PCMs)

PCMs can be classified depending on their phase change state and the chemical
composition of the material used in the production. According to the phase change
state, PCMs are classified as solid-solid PCMs, solid-liquid PCMs, liquid-gas, and
gas-solid PCMs, as shown in Figure 1. It should be noted that liquid-gas and gas-
solid PCMs are not applicable to construction materials due to large volume and

pressure changes during the phase change processes [18].

Phase Change

Materials
I
I I I ]
Solid-liquid Solid-solid Liquid-gas Solid-gas
T
I I ]
Organic Inorganic Eutectic
—  Paraffin Metals
— Fatty Acids Salt hydrates
—  Alcohol
— Glycol

Figure 1. Classification of PCMs depending on their phase change states




Solid-solid PCMs absorb and release heat via reversible phase transitions. When the
phase transition temperature is attained, solid-liquid PCMs change from the initial
state of an ordered crystalline structure to a disordered amorphous structure by
changing their internal molecular arrangement [19]. As a result, the crystalline
structure of PCM transforms into a liquid state with randomly aligned atoms. On the
other hand, when the temperature falls below the phase transition point, a nucleation
process begins, and molecules rearrange themselves into an organized crystalline
lattice. The rate of cooling, the kind of molecules present, and the presence of
contaminants are only a few variables that affect the shape and quantity of crystals
that form during crystallization [19].

Considering the wide variety of PCMs in terms of their chemical compositions and
phase change states, the most desirable PCM for the latent heat storage system should
be selected as a result of a detailed analysis considering PCMs' thermophysical,
kinetic, chemical, economic, and environmental properties [19], which are

summarized in Figure 2.

Since no PCM has all the desirable properties mentioned in Figure 2, a multi-criteria
decision analysis can be performed to select the optimal PCM for a particular
application [20]. Among all PCM types, solid-liquid PCMs ARE the most suitable
for building applications, and they have been widely used for thermal energy
harvesting in buildings [21].

Solid-liquid PCMs are divided into three categories based on the material they
manufactured: organic PCMs, inorganic PCMs, and eutectics. Paraffin and non-
paraffins, such as alcohols and glycols, comprise organic PCMs. Due to its
extraordinary temperature range, which covers most applications, paraffin seems to
have excellent characteristics and several advantages. Additionally, paraffins do not
experience phase separation following numerous solid-liquid transitions since their

latent heat is mass-based [23].
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Figure 2. Selection criteria for PCM

However, the primary disadvantage of paraffin is its low heat conductivity, which
ranges from 0.1 to 0.7 W/mK. Non-paraffins have desirable melting and
crystallization properties but are three times more expensive than paraffins [23].
Additionally, inorganic PCMs are described as hydrated salts and metals. As the
phase transition temperatures of metals exceed the thermal comfort limits of
occupants, they are not suitable for passive building applications. Although hydrated
salts have more thermal conductivity and latent heat than organic PCMs, phase-
segregation, lack of thermal stability and corrosion limit their potential applications.
A eutectic combines PCMs with two or more components with different melting
points. During crystallization, each component simultaneously melts and freezes,
resulting in a combination of component crystals. [20]. By mixing various
component weight ratios, the melting points of eutectics have a substantial advantage

over those of other solid-liquid PCM varieties.
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Although different types of solid-liquid PCMs have been used in building
applications, the advantages and disadvantages of the type of solid-liquid PCMs
should be thoroughly investigated at the initial stage. Several researchers have
examined the benefits and drawbacks of the various solid-liquid PCM types, as
summarized in Table 2.

Table 2. Comparison of different types of solid-liquid PCMs considering benefits and
drawbacks [4][22][23].

Organic

Inorganic

Eutectics

Advantages

Disadvantages

Larger phase
change
temperature range
High latent heat of
fusion

Freeze with a little
supercooling
Congruent phase-
change

No segregation

Self-nucleation

Low thermal
conductivity

Lower melting
enthalpy
Lower density

Flammable

More expensive

Higher latent heat
of fusion

Low-cost and
readily available
Sharper phase-
change

Higher thermal
conductivity
Non-flammable

Poor nucleating
properties

Supercooling
problems
Phase segregation

Decomposition

Incompatible with
some construction
materials

No segregation

Congruent
phase-change
Sharp melting
point

No enough test
data to
determine
thermal
properties

As solid-solid PCMs could be considered as an alternative for solid-liquid PCMs to
overcome some of the drawbacks of using solid-liquid PCMs, such as the need for
encapsulation and the occurrence of phase segregation after being subjected to

thermal cycles, the slow charging/discharging rate, as well as ease of production and
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cost, are the significant concerns preventing the broader application of solid-solid
PCMs.

When used in passive energy storage applications in buildings, the melting
temperature of the PCM becomes the most critical parameter, as satisfying thermal
occupant comfort is crucial in buildings. It is recommended that the melting
temperature of the PCM should be in the range of 15-30 °C or 20-32 °C for thermal
comfort [24]. Table 2 presents the thermal properties of the solid-liquid PCMs that

can be used for building applications.

Table 3. Thermophysical properties of PCMs for building applications [4] [25]

Compound Type Tm  AHm As M P
(°C)  (kJ/kg) (W/m K) (kg/md)

Acetic acid Organic 17 192 030 0.27 1127

Caprylic acid Organic 16 148.5 0.15 981

Glycerin Organic 18 198.7 0.14

Butyl stearate Organic 18 123 0.21 760

Paraffin wax Organic 0-90 150-250 0.20 880-

950

n-Heptadecane Organic 19 240 0.21 760

Polyglycol EGO0  Organic 22 127 0.19 1232

Coconut 0il/XxGNP  Organic 27 82 1.33

n-Octadecane Organic 28 200 034 0.15 814

Capric acid Organic 32 153 0.15 1004

Calcium chloride  Salt 30 125 1.09 053 1710

hexahydrate hydrate

Sodium sulfate Salt 32 180 056 045 1485

decahydrate hydrate

Mn(NO3)-6H-0 Salt 26 126 1738
hydrate
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Table 3 (cont’d)

CaCl,-6H,0 Salt 29 191 1.09 054 1802
hydrate

Na.SO4-10H-0 Salt 32 254 0.55 1485
hydrate

CaCl,-(H20)s6 Eutectic 25 127 093 055 1661

MgCl.-(H.0)s

Urea Eutectic 30 200 0.63 048 1370

CH,COONa:(H.0),

2.1.1 Incorporation methods of PCMs into construction materials

PCMs are incorporated into building elements using one of the following methods:
direct incorporation and immersion, encapsulation (macro, micro, and

nanoencapsulation), and shape-stabilized PCMs [26].

2.1.1.1  Direct incorporation and immersion

Direct incorporation is the most straightforward approach, as a liquid or powdered
PCMs are applied directly to the gypsum, concrete, or plaster. Leakage and
incompatibility with construction materials could be the most significant concerns
with this method. In the immersion approach, gypsum, brick, or concrete are
submerged in molten PCMs and then absorbed PCMs through their pores by
capillary elevation. It should be noted that PCM incorporation using direct
incorporation and immersion into construction materials is not widespread due to the
fact that previous studies showed that PCMs could interact with the surrounding
matrix and change its properties, and leakage problems frequently occur, which is
not appropriate for long-term use [27]. However, in a recent study, Cunha et al. [28]
developed innovative mortars with direct incorporation method in which non-
encapsulated PCM is used with cement and fly ash-based mortars. Although they
concluded that non-encapsulated PCM in mortars could be an effective and
affordable way to increase building energy efficiency, they did not comment on the
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developed composites' long-term performance considering that long-term thermal
stability and leakage are the biggest obstacles to using non-encapsulated PCM in

construction materials.

2.1.1.2  Encapsulation

Due to the melting-freezing process, PCMs can be encapsulated before application
in order to increase their effectiveness. When PCMs are used in combination with
other materials, leakage in the liquid state could cause chemical and physical
alterations in the matrix. The PCM behaves as a core material, and the capsule is
considered shell material. Furthermore, spreading liquid PCM in the matrix could
inhibit the charging potential of PCM; hence, thermal stability and heat transfer
characteristics would be damaged. Also, the PCM's encapsulation enhances thermal
conductivity by increasing the surface area, which accelerates heat transfer [29].
Therefore, encapsulation strategies are crucial for improving PCMs' stability and
heat transfer efficiency [30]. PCMs can be encapsulated using three processes:

macroencapsulation, microencapsulation, and nanoencapsulation.

The encapsulation process is called "macro” if the PCM in the shell material has a
size of more than 1 mm [16], and the shell can be made of any shape, such as tubes,
channels, and thin plates. Common shell forms of macroencapsulated PCMs are

presented in Figure 3.
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(1) PCM panel (iv) PCM panel

(iii) PCM panel

(vi)PCM brick

(vii) PCM brick
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(v) PCM panel (viii) PCM slab
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(xiiCM pouch (xiv)PCM sphere (xv) PCM sphere (xvi)PCM tube

Figure 3. Common macro-encapsulated PCM shell types used in passive building
applications [31]

[4] states that macro encapsulation enhances the material compatibility with the
surrounding by building a barrier improves PCM handling during the production
stage, and prevents external volume changes. However, the poor thermal
conductivity, tendency of solidification at the edges, and difficulty of integrating
them into building materials are the main problems of using macroencapsulated
PCMs for passive energy-saving applications for buildings [32].

If the encapsulated PCM is between 1 um and 1 mm in diameter, it is called "micro,"
It has the typical advantages of macroencapsulated PCMs. There are many ways to

create the shell, including physical and chemical processes.

Besides, microencapsulated PCMs have better heat transfer to the surroundings due
to their larger surface area, and they have enhanced thermal cycle stability because
phase separation is restricted to microscopic distances [4]. Previous studies showed

that after 3000 repeated dynamic cycles of fusion and solidification, the geometrical
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shape and energy storage capability of microencapsulated PCM remained stable.
However, the major disadvantage of microencapsulated PCMs is that the shell
material has relatively low strength and stiffness. Also, similar to macroencapsulated
PCMs, the low thermal conductivity of the shell material can hinder heat transfer
performance. It should be noted that the already low thermal conductivity of the
organic or inorganic PCM might further reduce the shell material’s conductivity
when encapsulation is done. Yu et al. [33] state that the overall thermal conductivity
of microcapsules made of inorganic shell materials like calcium carbonate or silica
is enhanced due to the fact that inorganic materials have higher thermal conductivity
than organic materials. For instance, Zhang et al. [34] prepared silica encapsulation
of n-octadecane using the sol-gel process. As n-octadecane has a thermal
conductivity of 0.1505 W/m K as core material, using silica as shell material
increased the thermal conductivity of the microencapsulated PCM to 0.6213 W/m
K. However, organic shell materials like polymers have a thermal conductivity of
around 0.20 W/m K and using organic shell materials with organic PCMs further

decreases the thermal conductivity of encapsulated PCM.

The nanoencapsulation of PCMs has been offered as a novel technique in recent
years. The method is expected to produce better energy storage efficiency due to the
higher surface area to volume ratio of the nanoencapsulated PCM compared to the
microencapsulated PCMs. In addition, the drawback of increasing the viscosity of
the end fluid associated with the microencapsulation technique could be prevented
using nanoencapsulation [30], and better leakage-proof properties can be obtained
during the melting operation. However, Magendran et al. [35] state that higher
production costs and the requirement for further purification treatment are the main
problems with the nanoencapsulation techniques. Several researchers have recently
studied the nanoencapsulation process for building applications. For instance,
Hussain and Kalaiselvam [36] prepared nano-encapsulated PCM with oleic acid as
core material and Ag>O nanoparticles-based urea formaldehyde resin as shell
material. In a similar study, Zhu et al. [37] investigated the properties of a nano-
encapsulated PCM with a polymer-SiO2 hybrid shell. Their results show that the
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novel nanoencapsulation method enhanced the PCM's thermal reliability, thermal
conductivity, and mechanical properties.

2.1.1.3  Shape stabilized PCMs

Organic PCM drawbacks include poor heat conductivity and phase transition leaks.
To avoid these limitations, PCM is mixed with additional materials. Two supporting
materials used for this purpose: a porous material that prevents PCM leakage and a
nanomaterial that improves PCM's thermal characteristics. The combination of
PCM, a porous material, and a nanomaterial is therefore referred to as shape-
stabilized PCM.

The primary role of porous material is to provide a larger surface area, high thermal
conductivity, and enhanced chemical compatibility. Due to the interaction between
PCM and porous material, leakage of the PCM can be prevented as a result of
capillary force and surface tension. Various porous supporting materials are
combined with PCMs, such as porous carbon, graphite, polyurethane foam, silica,
and clays. On the other hand, nanoparticles like Cu, Ag, Al.O3, ZnO, carbon
nanotubes, and graphene oxide are preferred to increase the thermal conductivity of
organic PCMs. For instance, Yang et al. [38] prepared a novel ceramsite-based
shape-stabilized composite PCM for building applications. They used organic PCM
(lauryl alcohol and stearic acid) as core material. Al,Oz nanoparticles used for
thermal enhancement and ceramsite were provided as a porous material for better

adherence properties, as seen in Figure 4.
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Figure 4. Preparation of ceramsite-based shape-stabilized PCM [38]

2.1.2 Thermal conductivity enhancement of PCMs

PCMs have been proposed to be utilized in latent heat thermal storage systems to
improve the energy efficiency of building cooling and heating systems, and PCMs
have been included in construction materials for this purpose. However, the limited
thermal conductivity of these materials dramatically slows down the thermal

charging and discharging processes of PCMs, reducing their efficiency.

Several approaches have been tried to overcome the low thermal conductivity of
PCMs considering both shell and core to enhance the heat transfer characteristics,
such as the addition of nanoparticles (carbon nanotubes (CNT), graphene
nanoparticles, silver nanoparticles), expanded graphite (EG), metallic foams (nickel
foam, copper foam, graphite foam), and encapsulation [39]. It should be noted that
carbon-based nanoparticles outperform metal-based nanoparticles in terms of low
density, improved stability, and dispersion in PCMs. Furthermore, because of its
high thermal conductivity, reliable thermo-physical characteristics, and high
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porosity, metallic foam is frequently utilized to improve PCM's thermal
conductivity. Metallic foams are preferred over metallic nanoparticles due to their

relatively low density, extensive aspect ratio, and stability [39].

In literature, several researchers studied the thermal conductivity improvement of
PCMs considering building applications. Amin et al. [40] investigated the thermal
properties of an organic beeswax PCM when graphene nanoparticles were added
(Figure 5). Their results showed that adding graphene-enhanced both latent enthalpy
and thermal conductivity of beeswax as thermal conductivity increased from 0.25
W/m K to 2.89 W/m K with 0.3 wt% addition of graphene. In a similar research,
Rathore et al. [41] examined the properties of paraffin/expanded perlite shape
stabilized PCMs with graphene nanoparticles as a thermal energy storage material in
buildings, and they found that 5 wt% graphene incorporation resulted in thermal

conductivity enhancement of 106%.

"l0kV  X5,000 . 5um 0000 114

Figure 5. SEM image of organic beeswax PCM when graphene nanoparticles were added
[40]

Kainafar and Niazmand [42] studied the thermophysical properties of PCM
containing multi-wall carbon nanotubes (MWCNT) for free-cooling applications in
buildings. Their results showed that the charging of PCM was increased by 24.1%
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with 0.5 wt% MWCNT addition compared to the pure PCM. Cheng et al. [43]
investigated the thermal performance of an encapsulated PCM to improve buildings'
thermal comfort. In their work, they used CNT microcapsules to overcome the low
thermal conductivity of organic shell material. The results confirmed that the CNT
microcapsule increased the thermal stability of the PCM. In addition, improved
energy saving and thermal comfort were obtained with CNT microcapsule. Rathore
et al. [44] prepared shape-stabilized composite PCM using expanded graphite and
vermiculite to investigate the thermophysical properties of building energy
applications. They pointed out that the thermal conductivity of the PCM composite
increased by 114.4% after seven thermal cycles due to the presence of EG.

Although several studies utilize composites with PCMs and nanoparticles to enhance
thermophysical properties for passive building applications, there are limited studies
that use metallic foams and PCM composites for building applications. In their
research, Isa et al. [45] examined the properties of copper foam integrated PCM

gypsum wallboard for improved thermal energy storage in a building facade.

When used in buildings, the interaction between PCM and the matrix in which PCM
is incorporated should be considered in an integrated approach to understanding the
overall heat transfer characteristics. For instance, having a highly thermally
conductive PCM would not result in better overall charging/discharging properties
if the thermal conductivity of the matrix is too low, and similarly, the thermophysical

characteristics of the shell material should be evaluated for encapsulated PCMs.

2.2  PCM incorporated mortars

In general, mortar is a matrix formed by mixing fine aggregates with cement or other
cementitious materials, such as lime or alkali-activated binders, in the presence of
sufficient water [46]. When the hydration process is complete, and calcium silicate
hydrate (C-S-H) gels are produced, the mortar will obtain adequate mechanical

strength.. However, incorporating PCMs to obtain composites with high thermal
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storage capacity can hinder the formation of C-S-H gels, consequently reducing the

compressive strength of the mortar.

In this literature review section, PCM-incorporated mortars were examined in terms
of the materials used and the Tm of PCM incorporated. A summary of the studies

with PCM-incorporated mortars in the last decade is presented in Table 4.

Table 4. Summary of the PCM incorporated mortars considering binder type, PCM
properties, the objective of the study, and remarks.

Binder(s) PCM properties Objective Remarks Ref.
OPC Microencapsulated  Development of Incorporating many [47]
T 10-28°C hybrid PCM PCM types into
mortars by plastering mortars
combining more  has demonstrated a
than one type of promising
PCM performance
capability.
OPC Microencapsulated  The The macroporosity of [48]
Lime T, 23°C m_icrostructure of  lime-based mortars
' different mortars  reduced drastically
Gypsum investigated with the addition of
considering heat PCMs; thus,
storage efficiency mechanical strength
increased. However,
the mechanical
strength of cement
composites were
reduced with
increasing PCM
amount. In addition,
the heat storage
capacity of mortars
decreased due to
internal porosity.
OPC Microencapsulated  Cement/PCM In the presence of [49]

Tm: 25°C

mortars were
prepared with
textile to examine
mechanical and
physicochemical
properties

microencapsulated
PCM, the ductile
mechanical behavior
of textile
reinforcement
composites is
preserved; PCM rate.
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Table 4 (Cont’d)

CEMI
52.5R

Type | PC

Cement

Fly ash

OPC

Microencapsulated
Tm: 25°C

Direct incorporation
Immersion
Tm: -0.51t0 4.5°C

Direct incorporation
Tm: -0.5t0 4.5°C

Shape-stabilized
Tm: 36.5°C

Novel
cementitious
mortars were
prepared to be
used as building
envelope
component

The thermal
behavior of
cement mortar
containing PCMs
for building
applications was
investigated.

Different mortar
formulae were
developed with
direct
incorporation of
PCMs; physical,
mechanical, and
thermal properties
were investigated

Aggregates for
thermal energy
storage were
utilized to create
mortar for wall
plastering.

The potential for
energy storage
increases as PCM is
added; however, the
thermal inertia
creates a limitation
because of the
corresponding
decline in thermal
conductivity and
density.

The lowest specimen
temperature was
increased with
increasing PCM
content as the latent
heat capacity of the
composite is directly
proportional to the
PCM content.

The inclusion of
PCM at 5% and 10%
had no noticeable
effects. However, a
higher PCM
percentage results in
a more significant
drop in mechanical
strengths as water
content increases due
to direct
incorporation.
Furthermore, adding
20% of PCM resulted
in higher thermal
performance.

The compressive
strength of the PCM-
incorporated mortar
was reduced by 71%
compared to the
control mortar.

[50]

[51]

[28]

[52]
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Table 4 (Cont’d)

OPC

Clay
GGBFS

Class F FA

OPC
GGBFS

Shape-stabilized
Tm: 23°C

Immersion
Tm: 35.6°C

Microencapsulated

Tm: 28°C

Microencapsulated

Tm: 27.7°C

To create a form-
stable PCM
composite,
recycled
expanded glass
aggregate was
creatively
employed as a
PCM carrier.

Investigated clay
geopolymer
mortars with
PCM addition

Experimental
investigation of
PCM-
incorporated
alkali-activated
geopolymer

Micro-
encapsulated
PCM and carbon
fiber were added
to alkali-activated
slag composites
for energy
storage.

The mechanical
strength of the mortar
was reduced due to
the porous structure
and lower strength of
PCM. The thermal
performance test
showed that the
cement mortar
incorporated
composite had a
significantly higher
specific heat capacity
and a lower heat
transfer rate.

Clay geopolymer
mortar containing has
a compressive
strength of 8.0 MPa
and a heat
conductivity
coefficient of 0.46
W/mK.

The compressive
strength and thermal
conductivity of the
composites decreased
with PCM
incorporation.

The thermal
conductivity of the
composited with both
cement and slag
decreased with PCM
addition. It was also
observed that the
presence of carbon
fiber enhanced the
thermal conductivity
of the composites due
to its high thermal
conductivity.

[53]

[54]

[13]

[55]
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Table 4 (Cont’d)

Red-mud Microencapsulated  Expanded The thermal analysis  [56]
T - 26°C graphite/paraffin-  supports the
m based PCM was  mechanical and
prepared to be chemical stability of
used in red-mud the PCM and
geopolymer expanded graphite
composite within the
geopolymer
composite. The
thermal conductivity
of the composite was
2.46 W/mK.
FA Microencapsulated  Investigation of FA-based alkali- [57]
oPC T.: 26°C PCM- activated mortars’

incorporated
alkali-activated
FA composites in
terms of
mechanical

compressive strength
reduced drastically
after adding PCMs
due to the increased
water porosity;

however, mortars
showed higher
compressive strength
after exposure to high
temperatures.

properties and
cost analysis

As seen in Table 3, different cementitious materials such as ordinary Portland
cement, lime, gypsum, and alkali-activated binders were tried to be used in
combination with PCMs with varying encapsulation techniques and various melting
temperatures considering the impact of climate conditions. The results mainly show
that the mechanical strength of the binder reduces with increasing PCM content due
to micropores and the low compressive strength of PCMs. In addition, thermal
energy storage capacity increases with increased PCM content. However, the latent
heat capacity does not constantly improve with PCM content as micropores formed
after PCM addition can affect the heat transfer mechanism inside the composites.
Similarly, the thermal conductivity of the mortar reduces with PCM incorporation
for two reasons: lower thermal conductivity of PCM/shell and micropores that

directly affect the heat transfer.

25



Although different binders show similar behavior in terms of mechanical strength
development and thermal storage capacity when incorporated with PCM, the

advantages and disadvantages of various mortars that utilize cement, lime, and

geopolymers in combination with PCMs are summarized in Table 5.

Table 5. Advantages and disadvantages of Portland cement mortar, lime mortar, and
geopolymer mortar in combination with PCMs [46]

Advantages

Disadvantages

Portland cement mortar

Lime mortar

Geopolymer mortar

* Availability of standard
code for mortar mix design
* High rate of carbonation
* Enhanced thermal inertia
with PCM incorporation

* Improved mechanical and
thermal properties

* Enhanced thermal inertia

with PCM incorporation

* Stability at high
temperatures

* Cheaper raw material

* Compatible with PCM
* Adequate thermal and
mechanical properties for

building applications

* Non-environmentally
friendly

* Reduction in compressive
strength with PCM
incorporation

* Less heat of fusion
compared to Portland
cement mortar

* Slow carbonation

* High porosity

* No standard code for mix
design

* Availability of raw
materials

* Suitability of raw

materials

The studies investigating the Portland cement mortar with PCM incorporation
showed that good mechanical and thermal properties could be achieved for energy-
saving applications in buildings; however, geopolymer composites that utilize
geopolymers in combination with PCMs have been gaining attention due to

environmental concerns. In the next part of the review, studies on PCM-incorporated
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geopolymers will be investigated in detail, considering the mechanical and thermal
performance of the composites. Table 6 summarizes the properties of the geopolymer

composites

Table 6. Properties of geopolymer composites

Materials  Activator PCM properties PCM Test Ref.
amount methods
ClassFFA  NaOH Tm: 28°C 0,5,10,and UCS test [13]
, 20% SEM
Cy - 180-195 J/g replacement  DSC
Mean particle size: by the same  Thermal test
volume of
17-20 um sand
Red-mud Na.SiOs Tm: 26°C 30% UCsS [56]
) replacement  Thermal
Quartzsand NaOH Cp:127-131J/g by volume conductivity
Thermal
testing
DSC
Clay NazSiOs Tm: 32-36°C 30% UCs [54]
, replacement SEM
BFS NaOH Cp:158.1J/g by volume DSC
Thermal
conductivity
FA Na.SiOs Tm: 23°C 15% and FT-IR [58]
, 30% wt% TGA
GGBS Cp-81.2J/g replacement  DSC
of the binder UCS
SEM
ClassFFA  NazSiOs Tm: 24 and 28°C 0, 10, and UCs [59]
0,
GGBFS NaOH Cp:98.1and 96.1 20% SEM
replacement  X-ray
J/g by the same  microCT
volume of Energy
sand saving
Setting time
Slump test
GGBFS Na;SiO3 Tm: 28-33.8°C 25, 50, and U-value test  [60]
0,
FA NaOH Cp:124.1J/g 5% ues
replacement
Dune sand by the same
volume of
sand
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In their study, [13] created geopolymer composites with PCM incorporation. They
utilized class F FA, fine aggregate, and a sodium hydroxide (NaOH) solution with a
9 M concentration as an alkaline activator. The mPCM utilized in the study has a
melting point of 28 ° C. and a fusion heat of 180-195 J/g. Using a mixer, the fly ash
and sand were combined for three minutes to achieve homogeneity; the NaOH
solution was added, and the mixture was combined for five minutes; finally, the PCM
was added, and the mixture was added was combined for two minutes. The PCM
was added as the final component at the conclusion of the mixing procedure to reduce
PCM degradation induced by mixing. Using three different ratios, they replaced
PCM with the same volume percentage of sand: 5%, 10%, and 20%. In order to
assess the effect of cold and hot curing settings on the performance of the
composites, mortars were also cured in air and an oven at 60°C. Their findings reveal
that cold and hot specimens containing the same amount of PCM differ somewhat in
compressive strength and thermal characteristics. In line with the literature, the
compressive strength of the specimens diminishes with increasing PCM content; for
example, 20% PCM replacement resulted in a 35% loss in compressive strength at
28 days compared to the control mix. As illustrated in Figure 6, the number of broken
particles on the failure plane became evident due to PCM's low shear strength and

stiffness.

S (3) 0% PCM | m)swpem WS

Figure 6. SEM images of the mixes containing a) 0%, b) 5%, c) 10%, and d) 20% PCM,
respectively [13]
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The DSC results showed that an endothermic peak for the composites was observed
for 10 and 20% PCM incorporation; however, no peak was apparent for 5% PCM
incorporation because the effect of PCM in the composite could be achieved for
PCM amounts higher than 10%. As expected, the specific heat capacity of the
composites increased from 0.6 J/g °C to 0.7 J/g °C for geopolymers containing 10%
and 20% PCM, respectively.

Afolabi et al. [56] investigated the properties of PCM-incorporated red-mud
geopolymer composites for building applications. They used quartz sand and red-
mud with a ratio of 5:1 and 7.5 M NaOH with 1.5 M sodium trisilicate solution for
the geopolymer activation. The PCM composite was prepared using
paraffin/expanded graphite as the core and CaClz/sodium silicate as the shell, and
they adopted hot and cold curing conditions to see the effect of phase transition on
the final properties of the composite. Their results showed that the 25-day
compressive strength of the composite increased with the PCM ratio as 20% PCM
incorporation resulted in 8.1 MPa, whereas the compressive strength of the control
specimen was only 6.3 MPa, and applying hot and cold curing conditions had no
significant effect on the mechanical results. The thermophysical analysis showed that
PCM geopolymer composite had a specific heat of 2.18 MJ/m3K, whereas expanded
graphite encapsulated PCM had a specific heat capacity of 1.01 MJ/m3K. It should
be pointed out that this result is not consistent with the literature because the heat
capacity of the expanded graphite encapsulated PCM was expected to be higher than
of geopolymer’s heat capacity. The study's authors concluded that the 23% decline
in the specific heat was due to the influence of other additives within the geopolymer
composite, and no further explanation was included. In terms of thermal
conductivity, they reported that using expanded graphite in combination with PCM
increased the already low thermal conductivity of the paraffin by 90%, in line with
the existing literature, and they stated that the enhanced regenerative ability of
paraffin during the solid-to-liquid-to-solid phase transformation could contribute to
the thermal improvement of the red clay geopolymer composite. Incorporating
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polymer additives decreased the heat conductivity of the composite by 22% as
compared to red mud.

In a similar study, Wang et al. prepared a PCM-incorporated geopolymer using clay,
blast furnace slag, and a mixture of water glass and NaOH solution as alkaline
activators by keeping the water-to-binder ratio at 0.12. Besides, they prepared
paraffin/expanded perlite-based PCM composites to be used in the geopolymer
composite. The PCM was added as a 30% volume replacement of sand. The thermal
conductivity measurement showed that the heat conduction coefficient was
decreased from 0.62 W/mK to 0.46 W/mK when paraffin/expanded perlite PCM was
added to the geopolymer.

2.3 Thermal conductivity enhancement of cement

The incorporation of PCM into cement matrix increases the heat storage capacity of
the cementitious composites, thus, providing an opportunity for heat storage
applications in building applications. The thermal conductivity of PCM-incorporated
cement-based systems is a crucial transport property that directly reflects the heat
transfer rate [61]. In addition to melting temperature and energy density governed by
the specific heat of fusion, the thermal conductivity of the PCM composite influences
the overall efficiency of the melting or solidification process. However, the PCM's
low thermal conductivity inhibits heat flow across the matrix, preventing the
activation of PCM's latent heat. Inadequate solidification of PCMs throughout the
night, for instance, limits their maximum heat storage capacity the following day, as
they stay liquid and cannot absorb heat. In addition, the heat released during phase
shift cannot be effectively utilized if the thermal conductivity of the matrix is

insufficient for effective heat transfer.

Liu et al. [61] showed that the PCM-incorporated cementitious materials' thermal
conductivity is directly dependent on the packing density of C-S-H particles at the
nano-scale, increasing the packing density of C-S-H results in better thermal
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conductivity. At the micro-scale, the thermal conductivity of the cement paste matrix
is highly dependent on the water content. At w/c = 0.4, the thermal conductivity of
the cement paste matrix is about 1.5 times the thermal conductivity when the matrix
is dry. Likewise, the thermal conductivity of the PCM composite increases as PCM
saturation increases. Furthermore, PCM incorporation decreases the total thermal
conductivity of the composites at the mesoscale.

Past experimental studies on the PCM incorporated cement-based composites
showed that adding PCM drastically reduced the thermal conductivity of the
composites. Ricklefs et al. [62] stated that the thermal conductivity of both cement
mortar and cement paste stayed constant between 10 and 50 °C and dropped as the
volume fraction of mPCM increased. Due to the presence of quartz grains, it was
greater for cement mortar composites (1.2—-1.8 W/mK) than for OPC paste (0.8-1.2
W/mK) with the same PCM volume fraction. Xu and Li [63] found that the thermal
conductivity of the composite decreases as the PCM replacement level increases.
Compared to the control mix, the reduction of thermal conductivity for 10, 15, 20,
and 30% replacement of PCM are 13.8%, 21.0%, 26.2%, and 33.6%, respectively.
Shen et al. [38] concluded that adding 2 wt% and 4 wt% PCM reduced the thermal
conductivity by 15.76% and 20% compared to pure concrete. Similarly, Hunger et
al. studied the influence of phase change materials (PCM) on the thermal
conductivity of concrete and discovered that the thermal conductivity of concrete
was lowered by 14.7%, 32.4%, and 38.2%, respectively, when mixed with 1%, 3%,
and 5% PCM.

In order to overcome the low thermal conductivity after PCM incorporation, the
thermal conductivity of the matrix can be enhanced using thermally conductive
fillers such as metal nanoparticles or different dimensional carbon materials like
graphite, graphene, or carbon nanotubes. It should be noted that for low quantities of
conductive additives, the space between conductive additive particles remains large
if the percolation threshold is not reached. Due to this, the additives do not form a
conductive network throughout the matrix, and the cement matrix's conductivity

dominates the composite's thermal conductivity. In contrast, when the conductive
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additive level is higher than the percolation threshold, the particles come into contact,
and a well-developed conducting network forms within the cement matrix. In this
circumstance, the conductivity of composites is mainly determined by the

conductivity of conductive fillers.

In literature, several studies investigated the effect of conductive fillers on the
conductivity enhancement of different cementitious materials. In their research, Jing
et al. [64] used reduced graphene oxide (rGO) to improve the thermal properties of
cement paste composites to control the generation of thermal cracks. rGO is
produced by reducing graphene oxide, which has a multilayer structure with
nanometer-scale thickness and micrometer-scale diameter. Although rGO's qualities
cannot be compared to those of graphene due to residual functional groups, rGO
possesses desirable features such as low cost and excellent heat conductivity, which
could reach 1390 W/mK. Their results showed that the addition of 1.2% rGO
increased thermal conductivity and thermal diffusivity coefficient by 7.8% and 29%
compared to the control cement paste (Figure 7), respectively. Furthermore, using
rGO increased the compressive strength at early age and did not effect the strength
at 28 days.
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Figure 7. The thermal conductivity and thermal diffusivity of cured cement paste modified
with rGO [64]
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Phrompet et al. [65] investigated the thermal properties of rGO-nano C3AH6
incorporated cement composites for smart building applications. They changed the
rGO content between 1 and 4 wt% of the cement. The results showed that the thermal
conductivity of the composites increased significantly with 1 wt% addition of rGO
by 350% compared to C3AHG; however, increased rGO content reduced the thermal
conductivity, although 100% enhancement still obtained with 4 wt% rGO addition.
In a similar research, Zhai et al. [66] prepared rGO-added OPC mortar. Their results
showed that the sample's thermal conductivity increased significantly initially and
then tended to stabilize as the rGO level increased. In addition, when the rGO level
reached 1.00 wt%, the sample’s thermal conductivity rose by 23% to 0.77 W/mK
compared to the standard sample. However, the thermal conductivity did not increase

when the rGO concentration reached 2% and 4%, as seen in Figure 8.
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Figure 8. The thermal conductivity of samples of cement mortar with varying amounts of
rGO [65]

Ghosh et al. [67] developed thermoelectrically enhanced cement composites with
graphene and ZnO nano inclusions for energy storage in smart building applications.
They utilized graphene nanoplatelets and ZnO nanoparticles by 5, 10, and 15 wt%
of cement to increase the thermoelectrical characteristics of the composites. Thermal
diffusivity measurements revealed that the composite with the highest wt% of
graphene and ZnO has the highest thermal diffusivity, while the composite with no
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graphene and ZnO has the lowest thermal diffusivity. They stated that thermal
diffusivity result was expected because the inclusion of a high quantity of graphene
in the composite facilitates the formation of a conductive network, allowing heat to
permeate the composite with ease, increasing its thermal diffusivity. In addition, the
average value for thermal conductivity was obtained as 0.69, 0.62, 0.99, and 0.92
W/mK for cement, 5, 10, and 15 wt% rGO-ZnO additions, respectively. They
concluded that the thermal conductivity was decreased with increased rGO content
due to the fact that phonons are primarily responsible for heat conduction in
graphene, and high phonon scattering in cement matrix with increasing thermal

resistance might reduce the thermal conductivity.

Wei et al. [68] investigated the thermoelectric properties of expanded
graphite/cement-based composites for large-scale energy applications in buildings.
They employed expanded graphite considering 5, 10, and 15 wt% of cement in the
composites. Thermal conductivity results showed that the increased content of
expanded graphite increased the thermal conductivity of the samples up to 130%
compared to the control sample due to the fact that the thermal conductivity of
cement-based composites is proportional to C-C sp3 concentration, density, or
phonon scattering. It should also be noted that the compressive strength of the
samples decreased with increasing expanded graphite content, as shown in Figure
9.b. The decrease in compressive strenth can be attributed to the higher apparent

porosity and low compressive strength of expanded graphite.
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Figure 9. a) Thermal conductivity and b) compressive strength results of expanded
graphite/cement-based composites containing 5,10, and 15 wt% expanded graphite [68]

In a similar study, Wei et al. developed carbon nanotube (CNT) reinforced cement
composites with weight percentages of 5,10, and 15% of cement. The thermal
conductivity of the samples was increased with increasing CNT content similar to
other carbon materials such as rGO, graphene, and expanded graphite. However,
they concluded that the high porosity of composites containing 5% CNTs increased
phonon scattering and slowed the rise of thermal conductivity. Song et al.
investigated the thermal conductivity enhancement of cement for geothermal well
applications. They utilized powdered graphite, ferrum, and copper as thermally
conductive materials. The results showed that adding 5% graphite, 20% ferrum, and
20% copper particles to cement paste increased its thermal conductivity by 20%,
19%, and 29%, respectively.

So far, investigations on thermal conductivity enhancement of cement matrix by
conductive fillers are mainly conducted in order to improve thermoelectrical
characteristics of cementitious composites considering smart building applications.
However, limited studies examine the matrix's thermal conductivity enhancement

when PCM is incorporated.

In their study, Xiong et al. [17] examined the effect of graphite nanoplatelets in
PCMe-incorporated cementitious composites for better heat transfer performance.
They used OPC (CEM | 525 N) and styrene/n-eicosane-based PCM. They

incorporated both mPCM and graphite nanoplatelets into cement paste. mPCM
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content changed between 5 to 15 wt% cement, and graphite nanoplatelets were added
between 1 to 5 wt% cement. The thermal conductivity results showed that the
thermal conductivity of the cement paste decreased by 40% (0.865 W/mK to 0.525
W/mK) when 15% PCM was incorporated. However, utilizing 5 wt% graphite
nanoplatelets increased the thermal conductivity of the composite by 40% (0.865
W/mK to 1.218 W/mK) compared to the control mix.

The results demonstrated that composites' storage and release rates were increased
by up to 25.3% and 23.3%, respectively. In addition, as the PCM concentration rose,
the effect of adding 5% GP on the composite's heat transfer performance improved.
In addition, they observed that the inclusion of graphite nanoplatelets alters the
hydration process of cement samples, which may influence the mechanical
properties of the samples. However, they did not further comment on the mechanical
properties of the composites; thus, the suitability of the developed cement
composites for building applications in terms of mechanical performance is not
detailed in this study. In another study, Gu et al. investigated the thermal properties
of a shape-stable PCM cement panel when graphene is added to the matrix as a
conductive filler. Their results showed that the heat conductivity rose significantly
with increasing graphene content. Pure PCM has a thermal conductivity of only 0.32
W/mk. The thermal conductivity increased to 1.13 W/mK after incorporation into
pure cement. The thermal conductivity continued to improve as graphene was added,
with values of 1.50, 1.67, 1.85, 1.96, and 2.05 W/mK for 0.5, 1, 1.5, 2, and 2.5 wt%

graphene addition, respectively.

In addition, a lab experiment was conducted to determine the impact of thermal
conductivity improvement on the energy-saving efficiency of the PCM panel.
Because of the low thermal conductivity, the cement panel with PCM alone could
not absorb the comparatively significant heat flow from the exterior. The increase in
thermal conductivity caused by the addition of graphene to the cement matrix
improves its capacity to store heat.
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Consequently, the cement panel, including graphene and PCM, can absorb more heat
flux than the panel without graphene, further reducing interior temperature. Notably,
as graphene continued to be added, the test chamber's interior temperature began to
climb. This is because the extra graphene increased the thermal conductivity of the
composite, which increased the total heat flow into the test chamber and

consequently increased its overall temperature.

2.4 Nanoseed activation of geopolymers

Alkali activation or geopolymerization refers to the reaction of a solid
aluminosilicate under alkaline environments to generate a hardened binder
composed of hydrous alkali-aluminosilicate and/or alkali-alkali  earth-
aluminosilicate phases [69]. As a result of the alkali activation process, poorly
crystallized aluminosilicate gel is formed as the major hydration product. Alkaline
activators in alkali-activated cements and concretes can be classified as caustic
alkalis (MOH), non-silicate weak acid salts (M2COs, M2SO3, M3POQg, etc.), silicates
(M20.nSi03), aluminates (M20.nAl>03), aluminosilicates (M20.Al>03.(2-6)SiOz),
and non-silicate strong acid salts (M2SO4). Among all, NaOH, Na.COs, NaO. nSiO;
and Na>SO4 are the most accessible and cost-effective activators [70].

Various aluminosilicate source materials such as fly ash (FA), slag, kaolin,
metakaolin, rice husk ash and have been utilized with an alkaline activator to produce
geopolymers. Among all aluminosilicate source materials, FA and GGBFS are the
most studied materials utilized as geopolymers [69]. FA is a by-product of thermal
power facilities that burn coal with particles ranging in size from 0.2 to 200 um. The
particle size range of any specific FA is mostly determined by the fineness of the
pulverized coal and the type of collection equipment utilized at the thermal power
plant. The types and relative proportions of mineral matter found in the coal used
influence the chemical composition of FA [71]. More than 85 percent of the majority
of FA is composed of silica (SiOz), alumina (Al203), iron oxide (Fe203), lime (CaO),
and magnesia (MgO). On the other hand, slags are by-products of pyrometallurgical
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processes in the metal and alloy industries. The compositions of the slags depend on
the manufacturing procedure and the materials utilized; the chemical composition of
steel slag differs from batch to batch, even within the same facility, depending on
the type of raw materials used, the type of steel produced, and the furnace conditions.
CaO (35-40%), SiO2 (25-35%), MgO (5-10%), and Al203 (5-15%) are the
predominant components of slag, while S, Fe2O3, MnO, and K>O (less than 1%) are
its minor constituents. Slag contains both network-forming anions (SiO4)*-, (AlO4)°>

, and (MgO4)®- as well as network-modifying cations Ca?*, AF*, and Mg?* [71].

Numerous alkali-activated cements have been utilized in recent decades. On the basis
of the composition of respective cementitious components (the CaO-SiO2-Al.0O3
system), alkaline cement can be categorized into two broad groups: high calcium and
low calcium cementCalcium and silicon-rich materials, such as blast furnace slag
(SiO2 + CaO > 70%), are activated in high calcium systems. In this context, the main
reaction product is a C-A-S-H (calcium silicate hydrate) gel with Al incorporated
into its structure, comparable to the gel created during the hydration of Portland
cement. [72]. In low-calcium cement, aluminum and silicon-rich materials like type
F FA or metakaolin are used. In this instance, the primary reaction outcome is a
three-dimensional inorganic alkaline polymer, an N-A-S-H gel (or alkaline
aluminosilicate hydrate). It should be noted that high calcium and low calcium
cement can be used in combination with or without OPC to produce different blends.
As aresult, a mixture of cementitious gels, including C-A-S-H and (N,C)-A-S-H can
be obtained. The reaction mechanism of geopolymerizaton that forms (N,C)-A-S-H

gel is given by the following [72]:
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Usually, the geopolymerization procedure is approximated by the following
oversimplified conceptual reactions: (1) The raw ingredients are dissolved in
alkaline solutions, such as NaOH, to liberate the reactive aluminate and silicate
monomers; (2) the aluminosilicate oligomers polymerize in the alkaline environment
to create geopolymer gels. Due to the charge shortage of Al, which has a charge of
3+ compared to Si charge of 4+, Na or K cations are required to balance the presence
of Al. During the dissolution of raw materials, water is consumed and released during
the polymerization processes [73]. The 3D molecular representation of the N-A-S-H

gel is given in Figure 10.

Si Al (0] Na* Al O,

EF N Oy, O HO H,0
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Figure 10. 3D representation of a polymerized portion of N-A-S-H gel with each species,
Algr represents AI(OH); or AI(OH)?* [74], b) SEM and ¢) TEM images of N-A-S-H
system products [75]
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Although geopolymers possess significant advantages such as reducing carbon
footprint by reusing industrial by-products and having adequate durability and
mechanical strength to be used as an alternative construction material, it is also
known that geopolymers have a slightly high price, which is primarily attributable
to the utilization of alkali or alkali-silicate. In addition, alkali concentration is an
extremely critical component for geopolymerization, which is directly related to the
development of strength and is even more relevant than curing temperature [76]. As
a result, high alkali content may be required to produce geopolymers with desirable

mechanical properties.

To reduce the amount of alkali activator used for the activation process, researchers
have tried combining nanoparticles with geopolymers to enhance the durability and
mechanical properties. The employment of nanoparticles in cementitious systems
aims to improve the plastic and hardened material's properties. Filling the spaces
between the cement grains and micro and nano-sized particles provide a filler effect.
Due to the decreased capillary porosity, a higher packing density with the proper
composition results in lower water demand of the mixture and also increases

strength.

Several nanoparticle types are utilized in the cement industry, such as nano-SiO,
nano-Al20s, nano-TiO2, nano-clays, carbon-based materials like graphene
nanoplatelets, and so on [77]. It should also be noted that the overall amount of
nanoparticles in cementitious systems is too small that the total cost of geopolymers
could be lowered by achieving equal strength and better performance by reducing

the alkali activator dosage.
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Table 7 summarizes the studies on the effect of nanoparticle addition on

geopolymer mortars.

Table 7. Studies on different nanoparticles in geopolymer mortars

Binder Activator

Nanoparticle

Nanoparticle

amount

Major Findings

Ref.

Class F NazSiO3

FA NaOH

FA Na28i03

NaOH

4%, 6%, 8%
and 10% wt%
of FA

6% wt% of FA

*Due to the
increased rate of
alkali activation,
the compressive
strength of
geopolymer
mortars with or
without nano-
SiO; is enhanced
at higher molar
concentrations.
*Beyond 6%
nano-Sio;
addition, a
decrease in
compressive
strength is
observed at all
ages.

*Nano-silica does
not affect flexural
performance
compared to its
effect on
compressive
performance.

*At all ages, the
compressive
strength of
specimens
containing nano-
SiO; was greater
than that of
specimens without
nano-Sio;

[78]

[79]
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Table 7 (Cont’d)

Low Na,SiOs Nano-SiO,
calcium  NaOH

FA

GGBFS

OPC

FA Na,SiOs Nano-SiO,

GGBS NaOH

GGBS Nazsi03 Nano-SiO»
NaOH

2 wt% of FA

4%, 6%, 8%
and 10% wt%
replacement of
GBFS

1 and 2 wt%
of binder

*Due to [80]
nanosilica's high
specific surface,
the flow of
freshly-mixed
mortars rapidly
dropped as its
concentration
increased.

*The sorptivity of
samples
containing 2%
nano- SiO, was
lower than the
control sample.

*The mixture [81]
containing 5%
nano-silica instead
of GBFS had the
greatest elasticity
modulus and
compressive
strength.

*It was
determined that
the production of
microstructures
and dense gels
(N,C-(A)-S-H) in
mortars with less
than 10% nano-
silica was
enhanced.

*The impact of [82]
nano- SiO; on the
strength of

composite was

minimal.

*Nanoparticles

have a negligible

effect on flexural

tensile strength.
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Table 7 (Cont’d)

Class F NazSiO3
FA NaOH
GGBFS

GGBFS  NaySiOs
Silica NaOH
Fume

Class F Na;SiOs
FA NaOH

Nano-SiO;

Nano-SiO,

Nano-SiO,
Nano-TiO,

1,2,3,and 4
wit% of binder

2 and 4 wt%
of GGBFS

2 wt%
replacement of
FA

*Compared to
geopolymer
mortars without
nano-silica,
geopolymer
mortars
containing nano-
silica exhibit poor
workability. Flow
reduction is
around

4.1%, 8.4%,
14.4%, and 21.3%
for mixtures
containing
*Adding 1%
nano-silica
increases
compressive
strength by 30%
and flexural
strength by 33%.
1%, 2%, 3%, and
4% nano silica,
respectively.

*Due to nano-
silica's high
reactivity, nano-
SiO; improved the
flowability,
compressive
strength

*More than 2%
nano-silica
addition to
mortars did not
result in additional
strength increases.

*Nao particles
increases the
geopolymers'
strength by
17.38%-10.49%

[83]

[84]

[85]
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Table 7 (Cont’d)

GFS Na,SiOs nano-MgO 1,3,and5 *The ratio of [86]

NaOH nano-TiO; wt% of GFS flexural strength
to compressive
strength for mixes
including nano-
MgO/nano-TiOz is
approximately 13
to 15 percent,
which is greater
than the ratio for
control samples
(12.4%).

FA Na,SiOs nano-TiO2 5wt% of FA  *After 28 days of  [87]

NaOH curing,
geopolymer
mediated by 30
nm TiO;
nanoparticles
exhibited the
highest
compressive
strength (53 MPa)
and split-tensile
strength (6.8

MPa).
Perlite Na,SiOs nano-Al,O3 1,2, and 3% *Nano-CaO [88]
NaOH nano-CaO replacement of  lowered
perlite compressive
strength, whereas
nano-Al,O3

improved strength.

Class F  NazSiOs nano-CaCQO; 1,2, and 3wt% *Compressive [89]
FA NaOH of binder strength of the
geopolymer,
including nano-
CaCOs, were
higher.

As seen from the Table 7, the most studied nanoparticle to enhance the performance

of geopolymer mortar composites is nano-SiOz, which has shown that nano-silica
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accelerates hydration/polymerization events and improves microstructural and
mechanical qualities. Its direct impacts on alkali-activated binders were accelerated
hydration, refined microstructures, and improved mechanical characteristics [90].
Besides nano-SiO2, nano-TiO2 has received a growing interest in cementitious
materials due to its unique features. Under ultraviolet light and humidity, titanium
dioxide (TiO2) decomposes various organic and inorganic air contaminants, resulting
in cleaner air and improved human health [90]. Moreover, adding nano-titanium to
concrete mixtures accelerates cement hydration and increases concrete durability by

decreasing water permeability [87].

Since incorporating PCMs into cementitious composites results in lower strength
values, the addition of nanoparticles, especially nano-SiO2, and nano-TiOz, could be
considered potential candidates to enhance mechanical properties while developing
geopolymer composites for energy harvesting applications. In this regard, the effect
of nano-SiO and nano-TiO2 on the mechanical as well as thermal properties of
PCM-integrated geopolymer composites is an understudied area and will be

investigated further in this work.

2.5  Numerical modeling of PCM-integrated building materials

PCMs for building applications are defined by their phase change characteristics;
therefore, the formation or melting processes of PCMs inside the matrix should be
considered when the phase change occurs. In this specific case, the so-called Stefan
problem for heat conduction explains the progression of the boundary between the
two phases of a material experiencing a phase change, such as the melting of ice into

the water can be utilized.

The following describes the governing equations for the PCM heat conduction
problem for both solid—liquid (melting) andl iquid-solid (solidification) transitions.
In the classical approach to the Stefan problem, the physical problem is supposed to

be a conduction-based problem with a constant latent heat capacity (L), a constant
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PCM melting temperature (Tm), a zero-thickness interface of the sharp surface front
(i.e., no mushy transition zone is considered), and the nucleation and supercooling
phenomena of the PCM are ignored. The mathematical model can be expressed by

Eqgns. (1), (2), and (3), given certain assumptions [91].

dTs , )

PCS E = V. (/15VT5) + qv,S Vx € AS
oT 2
pCL a_tL - V (ALVTL) + QU,L Vx € AL ( )
di ®

(/15VT5)n - (ALVTL)TI. = pL n Vx € AI

dt’

Heat transfer problem in solid (S), liquid (L), and interfacial zone (1) is described
by Equations (1), (2), and (3), respectively. In these equations, p represents density

, A is the thermal conductivity, C is the specific heat capacity, T is the temperature,
and q is the heat source term. Furthermore, n represents the unit normal vector, %

is the velocity of the interfacial zone where t represents the time [91].

Noting that the natural convection term might be incorporated while solving the heat
conduction problem, the so-called Navier-Stokes equation should be used to solve
the governing equations for the convective heat in a transient analysis of a PCM
melting process. However, since cementitious composites contain a mere fraction of
PCMs compared to the whole thermal system, only the conduction mode can be
evaluated, which avoids the difficulty of simulating the natural convection flow in
the mushy and liquid phases [91]. On the other hand, convection term and buoyancy
force on the PCM can be considered to understand the heat transfer mechanism in

PCM-integrated cementitious composites on a micro-scale. Therefore, the basic
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equation of the heat conduction problem (Eqgn 4) can be applied to PCM-integrated

construction materials for macro-scale analysis.

oH , (4)
i V.(AVT) + ¢, Vx€A

In Eqn. (4), H represents the enthalpy of the system, A(x,t) is the thermal conductivity
of the material depending on both the temperature T and the position x, and ¢ is the

heat source term.

In order to solve the Eqn. (4), where T is temperature, q is the heat flux, h is the
natural heat convection coefficient, and T, is the temperature of the environment.,

Egns. (5) and (6) can be applied as initial and boundary conditions:

T(x,t =0) = To(x) ®)
T(x,t)=T (6)
(AVT).n=q (7
(AVT).n = h(T, — T) (8)

If the system is composed of two or more phases, such as solid, liquid, and mushy

regions, Stefan conditions should be applied to solve the phase change problem.

For a thermal system containing a phase-changing region, three approaches could be
applied for the solution of Eqn. (4): enthalpy-based, apparent heat capacity, and heat

source methods.
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25.1 Enthalpy-based method

In this method, the enthalpy of the system (H) is defined by Eqgn. (9) and inserted
into Eqn (4).

T ©)
H(T) = f pC(T)dT

Tref

where pC(T) is the volumetric heat capacity and Tref is the reference temperature.

If the isothermal phase change is assumed, in other words, only solid and liquid
phases are considered, and the mushy region, in which solid and liquid phases

occur simultaneously, is ignored, Eqn. (8) can be expressed by Egn (10):

( (T (10)
j pCso1(T)AT whenT < T,
Tref
HT) =4 .° ;
I( f pCso(T)AT + pL + f pCg(T)AT ~ whenT > Ty,
Tref Tm

However, if the mushy region is included, Eqn. (10) should be taken into account

in the solution as in Eqn. (11).

Tso1 (11)
] pCso (T)AT when T < Ty,
Tref
Tiiq
H(T) = f pCso1(TYAT + pLf(T) whenTey <T < Tyyq
TSO
TSOi T
f pCso1(T)AT + pL + f pCiiq(T)dT when T > Ty,
\ Tref Tm
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In Egn. (11), the function f(T) is defined as the liquid fraction of PCM and

represented as follows:

0 if T < Tso (12)
- Tsol .
f(T) = lf Tsot <T < Tliq
Tliq - Tsol
| 1 if T > Ty

If pC(T) term is taken as constant, Eqn. (11) can be written as follows:

pCsoi T whenT < Ty (13)
p

Tliq - Tsol

T— Tsol
CSOlTSOl +L—— when TSOl <T < Tliq
(CootToor + L+ Cig(T = Tiig)) when T > Ty,

2.5.2 Apparent heat capacity method

During thermal phase changes, the apparent heat capacity approach considers an
effective heat capacity [92] to account for the effect of enthalpy and its temporal
evolution. The apparent heat capacity approach has only one unknown variable
(temperature), making its solution easier and more computationally straightforward
than the enthalpy method. For the effective heat capacity technique, the following

form of the heat conduction equation is given:

OH _ 0HOT (14)
ot aT ot

In Egn. (14), Z—Z is equal to pCerf(T), and if this term is inserted into Eqn. (4), the

following representation is obtained:

dT , (15)
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In order to solve Eqn. (15), the effective heat capacity should be approximated, and
several formulations have been applied to represent Ces. For instance, Kodjo et al.
[92] define the Cest with Eqn. (16):

Csol if T < Ty (16)
1 L )
Ceff = E(Csol + Cliq) + Tf lf Tsol <T< Tliq
| lig sol
kCliq lf T > Tliq
253 Heat source method

The heat source approach divides the enthalpy into sensible and latent components.

In the classical heat equation, the latent term is employed as a source term as follows:

OH O0HOT _

_ of(T)10T (17)
ot oT ot 9T ot

T L
pC(T) +p o | 3t

Combining Eqgn. (4) and Eqn. (17) gives:

df (T) (18)
dt

dT
pC(T) = = V.QVT) + Gy = pL

In Eqgn. (18), pL %&T) indicates the source component because of the latent portion

of the enthalpy.

50



Applying one of the aforementioned approaches, the whole building or only PCM-
integrated parts can be modeled and simulated using computer simulation software
or finite element method (FEM) solvers to understand the overall effect of the PCM
on building energy performance. Energy simulation software is an essential
instrument for researchers to examine energy needs, and the majority of researchers
utilized simulation software to validate their experimental data [93]. In literature,
several software packages such as EnergyPlus, ANSYS, TRNSYS, and COMSOL
Multiphysics have been used to validate the results obtained from field testing. In
addition, programming languages like MATLAB and python can solve the heat
conduction problem by applying FEM or other numerical methods. Table 8
summarizes the research articles that use computer simulation to evaluate the

performance of the PCM-integrated building components.

Table 8. The summary of research articles that use computer simulation to evaluate the
performance of PCM-integrated building components

Simulation Model PCM Results Ref
software description properties
TRNSYS Office Tm =24°C The modeling findings [94]
building in revealed that the
Algeria utilization of PCMs in

the concrete ceiling
and hollow brick walls
had caused a 3to 4 °C
increase in the office
temperature during the
winter months.

EnergyPlus Lightweight  Tm=23-27°C PCM has enhanced [95]

building cooling and heating
located in performance
Spain
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Table 8 (Cont’d)

TRNSYS

TRNSYS

ANSYS

ANSYS Fluent

ANSYS Fluent

Test cubicle
in
Mediterranian
climate

PCM layer in
floor

PCM-based
plasterboard

Three-layer
wall

Living room
in Baltic

Tm = 29°C
AH = 165-
200 J/g

Type 56 to
type 1270
components
in the
TRNSYS
interface

T = 26°C
AH =110 J/g

T = 24-35°C
AH =170 J/g

T = 22°C
AH = 160 J/g

Utilizing PCM resulted
in energy reductions
between 21.7% and
28.6%.

The simulation
findings demonstrated
that the successful
deployment of PCM in
buildings is highly
dependent on the
material's melting
point and latent heat.

It was concluded that
the effective heat
capacity technique is
preferred for both
charging and
discharging
simulations because it
can be derived with
minimal knowledge
regarding PCM

PCM in the exterior
layer of an external
wall could lower the
summer peak inner
wall surface
temperature,
minimizing heat gain.

The active TES system
lowers interior air
temperature by 9.5°C
during analysis.

[96]

[97]

[98]

[99]

[100]
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COMSOL 50.8x50.8
mm mortar
sample

COMSOL Wall

Tm=6and
28°C

AH = 150-
160 J/g

Tm =40°C
AH =160 J/g

Using a PCM with a
melting point close to
the occupant's comfort
zone makes the inside
temperature profile
more uniform and
enhances the duration
spent in the comfort
zone.

The results show that
in summer, the wall
with a phase change
temperature of 29-31
°C and a thickness of
20 mm has a higher
heat storage capacity, a
lower average internal
surface temperature
(28.63 °C), and a
higher average phase
change usage (61.5%),

[101]

[102]

Thus, it can be inferred that simulation software can also be employed to study and

optimize the energy demands of a building envelope. These software tools are

particularly efficient for verifying the findings of field testing. In addition, these

instruments provide the assessment of typical building structures under varied

climates.
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 Materials and preparation

3.11 Raw Materials

This study used Class F fly ash (FA), ground-granulated blast furnace slag (GGBFS),
fine aggregate, SiO., and TiO2 nanopowders, graphite powder, and sodium
hydroxide (NaOH) solution was utilized to prepare the mPCM-incorporated

geopolymer mortar.

3111 GGBFS

GGBFS was obtained from the ISDEMIR steel production plant located in
Iskenderun, Hatay. The chemical composition of the GGBFS is provided in Table 9.
The particle size distribution of the GGBFS was determined with Malvern
Mastersizer 2000 conducting dry analysis. The average particle size of the GGBFS
is 3.19 um with a specific surface area of 1.88 m?/g. d10, d50, and d90 were obtained
as 1.03 um, 5.84 um, and 7.70 um, respectively. The particle size distribution of
GGBFS is given in Figure 11. Particle size distribution of FA and GGBFS.

3.1.1.2 Flyash

The FA was supplied by ISKEN Sugdozii thermic power plant located in Yumurtalik,
Adana. The chemical composition of the FA is provided in Table 9. The particle size
distribution of the GGBFS was determined with Malvern Mastersizer 2000
conducting dry analysis. The average particle size of the GGBFS is 5.20 um with a
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specific surface area of 1.88 m?/g. d10, d50, and d90 were obtained as 2.93 um, 20.30
um, and 80.50 um, respectively The average particle size of the FA is 20.3 um with
a specific surface area of 0.64 m?/g. The particle size distribution of FA is given in
Figure 11. The SEM images of GGBFS and FA are provided in Figure 12.

Table 9. Chemical compositions of GGBFS and FA

Oxide composition GGBFS (wt%)  FA (wt%)

CaO 37.8 3.74
SiO; 36.3 55.6
Al203 12.5 23.1
MgO 6.07 1.38
SO 1.38 0.52
Fe.03 0.91 9.12
TiO, 1.67 1.38
K20 0.93 2.95
Na2O 0.24 0.87
12
- —FA GGBFS

10

Volume passing (%)
[sa}

: =t
0 R e
0.01 0.1 1 10 100 1000
Particle size (um)

Figure 11. Particle size distribution of FA and GGBFS

56



T R —

0 pm ¢ D ——10p
METU CENTRAL LAB 2:50: mrr METU CENT

Figure 12. The SEM images of a) FA b) GGBFS

3.1.1.3  Aggregate

Quartz sand with a particle size between 0.1 mm and 3 mm was used as aggregate.
The gradation of the sand used in this study is given in Figure 13. The gradation of
the standard sand was done considering maximum and minimum passing limits

according to the ASTM C33 standard. The specific gravity of the sand was 2.75.

Cumulative passing (%)

0 L L L L L L il
0.1 1.0 10.0

Grain size (mm)

== ASTM C33 Min. Limit === ASTM C33 Max. Limit = ==#—Sand

Figure 13. The grain size of the sand used in the study.
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3.1.14 Alkali activator

Sodium hydroxide (NaOH) pellets with 98% purity were purchased from Sigma-
Aldrich, USA, to prepare the alkaline solution.

3.1.1.5 SiO2 and TiO2 nanoparticles

Commercially available SiO; and TiO2 nanopowders were purchased from Nanokar
Nanotechnology, Turkey. As received nano-SiO> has a high purity (99.5%) with an
average particle size of 15-35 nm. Similarly, as received nano-TiO has a high purity
(99.5%) with an average particle size of 18 nm. The physical properties of
nanopowders are summarized in Table 10. The SEM images and EDS spectrum of
SiO2 and TiO2 nanoparticles are shown in Figure 14. The EDS analysis confirmed

that the main elements were Si and Ti for nano-SiO; and nano-SiO», respectively.

Table 10. Properties of nano-SiO, and nano-TiO;

Property nano-SiO; nano-TiO;
Purity (%) +99.5 99

Average particle size (nm) 15-35 18

Specific surface area (m?/g) 440 200-240

True density (g/cm?) 2.65 3.9

Color White powder White powder
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Figure 14. The SEM images and EDS analysis of a) nano-TiO; and b) nano-SiO; particles

3.1.1.6  Graphite

A commercial product of natural graphite powder was supplied from ChemPure
(Aklar Kimya, Turkey). The supplier only provided the mesh size of the product;
thus, only the mesh size was used to describe the mean size of the material instead
of giving particle size distribution. The graphite powder has a mean size of 74 um
with a specific density of 2.09-2.25 g/cm?3. The fixed carbon content of the graphite
powder is specified as 87.38% on the product data-sheet. SEM images were provided
in Figure 15 to understand the morphology of the graphite used in this study. The
granular shape and relatively coarse particle size of the particles around 50 um of the

graphite are seen in Figure 15.
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Figure 15. The SEM images of graphite powder used in the study a) Graphite layers are
observable at 2um resolution, and b) granular shape of the particles around 50 um in size
are seen

3.11.7 PCMs

The present study used commercially available microencapsulated PCMs with two
different melting temperatures. Considering Turkey’s climate and occupant thermal
comfort limitations, nextek 24D® was selected and purchased from Microtek
Laboratories in Dayton, Ohio, USA. The general properties of the PCMs are given
in Table 11. The microencapsulated PCM particles consist of a core substance
(PCM) and a shell or capsule wall. The capsule wall is a polymer or plastic that is
inert and stable. The PCM in the capsule melts at 24 °C. However, the polymer shell
is engineered not to melt under standard processing and usage conditions. The SEM
images and EDS analysis of the PCMs are given in Figure 16. As can be seen, the
particle size of the nextek 24D was around 15 um and 30 um, and agglomeration of
the mPCM particles was observable in b. In addition, the EDS analysis result showed
a high-intensity peak of C due to the polymeric shell material used to encapsulate
the PCM.
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Table 11. General properties of the commercial PCMs used in the study

Properties nextek 24D®
Melting point (°C) 24
Latent heat of fusion (J/g) 170
Mean particle size (um) 15-30
Form Dry powder
Color White to slightly off-white
Specific gravity 0.9
a) & b) :
c)

0.5  1.00  1.50  2.00  2.50  3.00  3.50  4.00

Figure 16. SEM images of nextek 24D were used in this study a) 100 um resolution and b)
200 pm resolution. ¢) EDS analysis result of the mPCM
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3.1.2 Mix designs

In this study, a total of 30 different mixes were prepared to understand the effect of
PCM, nanoparticles, and graphite incorporation into the geopolymer matrix. A five-
step mixing procedure was followed to produce geopolymer mortar because nano-
Si02, nano-TiO2, and graphite addition into the geopolymer matrix need special
attention to prevent a possible agglomeration problem. Although nano-SiO. and
nano-TiO can be well distributed in water, they tend to agglomerate in alkaline
solutions. The cementitious environment, whether paste or mortar, is filled with
various ions, including sodium, potassium, calcium, sulfur, and hydroxyl ions, which
are the principal constituents, along with aluminum and silicon ions at lower amounts
[103]. In addition to Van der Waals forces, the ions' bridging effect due to the
cement's ionic character is responsible for the agglomeration of nanoparticles inside
ionic systems. Due to the bridging action of Ca?*, it appears from a detailed
examination of nano-SiO> dispersion behavior in a cementitious environment that
the ionic composition of cementitious systems is a significant limiting factor to the
appropriate and uniform distribution of nano-SiO> particles [103]. Therefore, nano-
SiO2 and nano-TiO; particles were dispersed in water using a sonicator to overcome
the agglomeration of nanoparticles. In literature, different amounts of nano-SiO> and
nano-TiOz particles changing between 0.5 and 10 wt% of the binder have been tried
to examine their effectiveness of them in terms of mechanical strength gain [104],
and it was seen that nano-SiO, and nano-TiO> addition contributes the mechanical
strength improvement because they serve as nuclei, react with cement hydration
products, and fill voids. However, excessive nano-SiO2 and nano-TiO2 addition
might have undesirable effects such as agglomeration, increased water demand, and
lowered cement-based product setting. In this study, nano-SiO2 and nano-TiO-
particles were replaced for 0.8 wt% of the binders.
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The water-to-binder ratio in the preparation of the mixes was tuned to generate a
workable mortar and to guarantee that the GGBFS, FA, and graphite powders were
well combined. Through preliminary testing, the water-to-binder ratio (w/b) and the
water-to-graphite ratio (w/g) were fixed at 0.35 and 1, respectively, for all mixes. A
GGBFS to FA ratio was chosen as 3:1, and the sand to binder (GGBFS + FA) ratio
was kept constant as 1:1 for the mPCM-incorporated geopolymer mortars. PCM can
be added as an additive or used to replace sand in the concrete mixture. This study
used the required volume % of PCM to replace the same volume % of sand. Sand-

to-PCM unit weight ratio was used to compute PCM weight. [13].

The NaOH solution was prepared one day before the mixing procedure to ensure that
it reached room temperature before adding it. The sodium hydroxide pellets were
added to all mixtures by 10 wt% of the total binder. Similarly, graphite powder
content was kept constant at 10 wt% of the binder and added as additions instead of
binder replacement. It should be noted that the graphite powder content was
determined as a result of a preliminary test to reach the percolation threshold. Hence
increasing the content of graphite powder is detrimental to the strength gain of the
mortar; as a result of growing porosity and slowing down of geopolymerization
reactions, it was important to keep the graphite powder content as minimum as
possible. According to the result of the preliminary analysis, it was observed that the
2 wt% and 5 wt% addition of graphite powder did not result in adequate thermal
conductivity increase, and the addition amount was determined as 10 wt%.

In the lab, the fresh mortar mix was prepared according to five steps: (1) Weighing
each group's raw materials and dispersing nano-SiO, and nano-TiO: in water using
a sonicator dispersion equipment for 10 minutes, (2) Adding FA, GGBFS, and sand
to the mixer and mixing them for 3 min at low-speed to ensure the homogeneity of
the mixture, (3) The already-prepared sodium hydroxide solution was included in the
mixture with nano-SiO; or nano-TiO> aqueous solution gradually, which was then
mixed for five minutes, the sodium hydroxide solution and nano-SiO or nano-TiO-
aqueous solution mixed at low speed for 1 min, and then high-speed mixing was

applied for the remaining 4 min (4) graphite and water were mixed separately for 3
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min until the graphite paste became homogenous, then graphite paste was added to

the mortar mix and mechanically mixed for 2 min, (5) the PCM was incorporated

into the mixture, which was then mixed for a further 3 minutes. The PCM was

included as the final component at the end of the mechanical stirring to minimize

PCM damage caused by disturbances during mixing [13].

The different components used to produce the different PCM-incorporated

geopolymer mortar samples are given in Table 12.

Table 12. Details of mix design

Code PCM GGBFS FA NS NT G NaOH Ws W Sand PCM
(%) (9) @ @ @ (@ (@ @ @ () 9
GO-PCMO 0 375 125 0 0 0 50 175 0 500 O
GO-Si-PCMO 0 372 124 4 0 0 50 175 0 500 O
GO-Ti-PCMO 0 372 124 0 4 0 50 175 0 500 O
GO-PCM20 20 375 25 0 0 0 50 175 0 400 332
GO-Si-PCM20 20 372 124 4 0 0 50 175 0 400 332
GO-Ti-PCM20 20 372 124 0 4 0 50 175 0 400 332
GO-PCM40 40 375 25 0 0 0 50 175 0 300 664
GO-Si-PCM40 40 372 124 4 0 0 50 175 0 300 664
GO-Ti-PCM40 40 372 124 0 4 0 50 175 0 300 664
G10-PCMO 0 375 125 0 0 50 50 175 50 500 O
G10-Si-PCMO 0 372 124 4 0 50 50 175 50 500 O
G10-Ti-PCMO 0 372 124 0 4 50 50 175 50 500 O
G10-PCM20 20 375 125 0 0 50 50 175 50 400 332
G10-Si-PCM20 20 372 124 4 0 50 50 175 50 400 332
G10-Ti-PCM20 20 372 124 0 4 50 50 175 50 400 332
G10-PCM40 40 375 125 0 0 50 50 175 50 300 66.4
G10-Si-PCM40 40 372 124 4 0 50 50 175 50 300 66.4
G10-Ti-PCM40 40 372 124 0 4 50 50 175 50 300 66.4

*NS: nano-SiOz, NT: nano-TiOz, G: graphite, Was: water required for binder, We: water required for graphite

Procedures 1 to 6 were followed to prepare geopolymers containing nextek 24D and

nextek 28D. Immediately after mixing, 4x4x16 cm prism (for mechanical tests) and

®7x4 cm cylindrical (for thermal constant measurement) were cast, consolidated,

and leveled by a trowel (Figure 17. a) 4x4x16 cm prism and b) ®7x4 c¢m cylindrical
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specimens were prepared for mechanical and thermal measurement testings,
respectively.). After 24 hr day, the specimens were removed from their molds and

cured under ambient conditions (20 £ 3 °C and = 20% relative humidity) for 28 days.

Figure 17. a) 4x4x16 cm prism and b) ®7x4 c¢m cylindrical specimens were prepared for
mechanical and thermal measurement testings, respectively.

3.2 Test methods

3.2.1 Fresh properties

The consistency of fresh mortar was determined immediately after mixing by using
the flow table test according to ASTM C1437 standard [105]. The mold was filled
with 25 mm mortar and tamped 20 times. As with the first layer, the second mortar
layer was poured and tamped. The tabletop was cleaned and dried before removing
the mold, giving special attention to the flow mold's edge. Then, the mold was taken
from the mortar for 1 minute to finish mixing. (Figure 18.a). The table was dropped
25 times in 15 seconds. The diameter of the mortar was measured along the two lines
as can be seen in Figure 18.b, recording each diameter to the nearest millimeter, and
the average of the two measurements minus the inside base diameter of the mold,
which is 10 mm, was recorded as the flow value.
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Figure 18. The consistency of fresh mortar was determined by using the flow table test

3.2.2 Physical properties

The bulk density and porosity of the geopolymer mortars were measured according
to Archimedes' methods [106][107][108] with water as an immersion medium to
determine the physical properties of the samples. The specimens' apparent density
(pA) was determined using Eqgn. (19), where mq is the dry mass, mj is immersed
mass, and my, is the wet mass of the samples. The pv is the liquid density, which is
1.0 g/cm? for water. The specimens were kept in an oven at 40°C for 24 hours to
avoid damaging geopolymerization products before measuring their dry mass. To
find the m; and mw, the specimens were submerged in water at room temperature for
24 hr. However, it is important to note that saturation with water was regarded
improper for geopolymers due to the possibility of ions such as Na* seeping into the
water. Therefore, measured densities and apparent porosities are not regarded as
absolute but as relative values [109]. The specimens were weighted while hanging
by a thin wire and totally submerged in water after 24 h. The mass was recorded as
mi. After that, the specimens were taken from the water, and the mass recorded. as

Mw.

_ _ Ma (19)
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3.2.3 Mechanical properties

The flexural strength of the mortar samples was measured in triplicates at 28 days
according to ASTM C348 standard [110]. The center point loading method was used
in making flexure tests on the prism specimens at a loading rate of 0.04 kN/s. The
uniaxial compressive strength of the samples was determined according to ASTM
C349 standard [111], in which broken portions of the prism during the flexure test
were used. In determining the compressive strength, specimens that were obviously
flawed after flexure testing or provided values that deviated by more than 10 percent
from the average value of all test specimens made from the same sample and tested
at the same time were not included to the final result. Before performing the test, the
specimens' end surfaces were polished to ensure that they are precisely flat and
parallel, and a loading rate of 1.5 kN/s was applied for compression test. The
mechanical tests were conducted using a universal test machine for flexural and

compression tests as seen in Figure 19.

Figure 19. a) Universal test machine used for measuring flexural and compressive strenght
b) The broken prism after flexural test ¢) The broken prism used for compresson test
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3.24 Microstructure

SEM was used to reveal the morphology of the raw materials as well as the
microstructure of the composites. Before SEM analysis, specimens were broken into
tiny pieces and oven-dried at 40°C for several days to ensure that all moisture had
been extracted for better vacuuming. Small pieces from each mixture were then
placed on metal stubs using a carbon band and sputter-coated with gold before to
being placed under the microscope. In addition to SEM, energy-dispersive
spectroscopy (SEM-EDS) was conducted on the samples to understand the chemical

compositions of the samples.

3.25 Thermophysical properties

3.25.1  Thermal conductivity measurement

The thermal conductivity of the composites was measured using Hot Disk TPS 2500
S thermal constants analyzer (Thermtest Europe AB, Sweden) in accordance with
ISO 22007-2, as seen in Figure 20. The transient plane source (TPS) thermal
characterization method is a valuable instrument for assessing the thermal properties
of various materials because to its robust design, short characterization time, and
capacity to detect the thermal conductivity and thermal diffusivity of complicated

materials.
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Figure 20. a) Hot Disk equipment used during thermal conductivity measurement, b) The
sensor was sandwiched between two cylindrical specimens prepared for the thermal
constant measurement test

A sensor element in the form of a double helix acts as both a heat source for heating
the sample and a resistance thermometer for monitoring the time-dependent increase
in temperature of the heat source itself. In the analysis, 200 resistance measurements
are performed over a predetermined period to establish the relationship between
temperature and time. To theoretically define how the hot disk operates, the heat
conduction equation is solved under the assumption that the hot disk consists of an
infinite number of concentric ring heat sources. If the hot disk is electrically heated,
the resistance increase over time can be expressed as Eqn. (20), where Ro is the
resistance of the disk before heating, Q is the resistivity temperature coefficient, AT;
is the constant temperature difference between two sides of the sensor, and AT, (7)

is the average temperature rise of the sample surface.

R(t) = Ro[1+ Q{AT; + AT,,.(7)}] (20)

From the TPS theory, the time-dependent temperature increase can be expressed by
Eqn. (21), where P, is the heat power given by the sensor, r is the radius of the disk,
and k is the thermal conductivity of the sample that is being tested. D(t) is the

dimensionless time-dependent function.
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ATgpe(T) = 133_0 D(7) (21)

en

In Egn. (21), T is defined with Eqn. (22), where t is the amount of time measured

from the beginning of the transient recording, and @ is the characteristic time.

1/2 (22)
()

The characteristic time, 8 is defined by Egn. (23), where « is the thermal

diffisuvity of the tested sample.

2 23
o="_ )
a

Since a; thus, 6 are unknown before to the experiment, the final straight line from
which thermal conductivity is determined is derived by iteration. In this manner,
thermal conductivity and diffusivity can be determined from a single transient

observation.

For measurements, two cylindrical samples representing each mix design with a
diameter and height of 70 mm and 40 mm were casted and cured under respective
environments for 28 days. One of the samples was placed inside the measurement
chamber and the Hot Disk Kapton sensor with a diameter of 6.403 mm (Sensor code:
5501) was centered, and the second sample was placed on top of the sensor so that it
was totally covered. The probing depth was set to 40 mm. The measurement time
changed between 20 and 40 seconds. The heating power was set between 100 - 150
mW to satisfy the recommended total temperature increase of 2 to 5 K. It was ensured
that the residual curve showed a random scatter pattern around a horizontal line, and
the transient curve displayed a continuous temperature increase without sudden

jumps, discontinuities, and negative temperature development. Since the composites
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are heterogeneous, the sensor was moved between a few measurement points to
avoid random artifacts in the residual graph due to density changes, boundaries, and
voids; hence, an average thermal conductivity was obtained by measuring three
different points on the same sample. Following the aforementioned protocols, the
thermal conductivities of each composite were recorded at 22°C; therefore, PCMs

were in the solid state during measurement.

3.25.2  Differential scanning calorimetry (DSC)

Using differential scanning calorimetry, the latent heat capacity of mortar specimens
containing varying quantities of microencapsulated PCM and the melting and
solidification temperatures of nextek 24D and nextek 28D was determined. Unless
otherwise specified, the enthalpies mentioned throughout this study are for latent
heat. A PerkinElmer 8000 DSC with a thermal cycle from 10 °C to 50 °C was
utilized. Mortar specimens were crushed to powder form after 28 days, and a small
mass of about 10 mg was measured. The heating/cooling rate was selected as 5
°C/min to have minimum hysteresis in DSC response considering different mixes
[112]. During the DSC scans, one entire endothermic/exothermic cycle was followed
by a second endothermic/exothermic cycle. After subtracting the basis line for an
empty aluminum pan, the results of the second endothermic cycle were used for the

analysis.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1  Flowability

Figure 21 shows the flow values of the mixes without graphite addition, in which

the spread changes between 11 cm and 5 cm for the mixtures.
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Figure 21. Flow results of PCM-incorporated geopolymer mixes without graphite addition

As can be seen from Figure 21, replacing binders with nano-SiO; led to reduced
flowability for all geopolymer mortar mixes. The embedding of water by the formed
nano-SiO2 network and the formation of coagulates in the pore fluid environment
may be significant factors in lowering the flowability of the composites containing
nano-SiO; [113]. Furthermore, additional surface area due to nanoparticle addition
adsorbs some of the available water in the matrix and reduces the spread. On the
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other hand, replacing nano-TiOz with binders did not considerably reduce the
mixtures' flowability considerably. This behavior may be linked to nanoparticle
agglomeration, which reduces the accessible surface area for interaction and water
absorption. Casagrande et al. [114] state that the flow decreases with nano-TiO>
addition was observed if nano-TiO- addition was higher than 10 wt% of the binder,
and lower values of nano-TiO> addition did not affect the flowability of the mixes.

On the other hand, increasing mPCM incorporation content reduced the samples'
flowability significantly. The spread value of the control mix GO-PCMO was reduced
by -2 cm (-18.2%) and -3 cm (-45.5%) with the replacement of 20% and 40% of the
sand with mPCM, respectively. A similar trend was observed for GO-Si-PCMO0 and
GO-Ti-PCMO mixes. The lowest spread was measured for the GO-Si-PCM40 mix, in
which flow was reduced by 54% compared to the control sample from 11 cm to 5
cm. The reduced flowability of the mPCM incorporated mixtures is explained by
increasing in solid content and high water absorption capacity of mPCM.
Furthermore, the volume replaced by mPCM has a much finer particle size
distribution than the sand; thus, increasing surface area of the mPCM inevaitably
results in higher water demand than the same volume of the sand replaced.

Figure 23 shows the flow values of the mixes with 10% graphite addition. It should
be noted that graphite paste was prepared before adding it to the mortar mix with a
1:1 water ratio due to the fact that it has a high pore content [115]; thus, it is expected
to increase the water demand. In addition, the graphite particles' angular shape and
coarse texture were further considerations [116]. It was noted before that particle
with a rough surface prevented particles from sliding, decreasing the mixtures'
workability. For instance, the viscosity of the graphite-added cement mixes
increased to 80% with 10% addition compared to the control mix [16]. As can be
seen in Figure 23, using extra water for the graphite powder increased the flowability
compared to the mixtures without graphite addition. This can be attributed to the fact
that the water absorption capacity of the graphite particles was reached with the extra
water added, and the remaining water on the graphite particles was released to the

geopolymer mortar mix while combining graphite paste into the mixture. For
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instance, the spread of G10-PCMO was increased by 9% (11 cm to 12 cm) compared
to GO-PCMO. The same behavior was observed when nano-SiO, and nano-TiO2 were
added. However, the most significant increase in flow with graphite addition was
observed for the mixes with 40% mPCM incorporation. The flow values increased
by 50% (+3 cm), 60% (+3 cm), and 54.5% (+3 cm) for G10-PCM40, G10-Si-
PCM40, and G10-Ti-PCM40 compared to GO-PCM40, GO0-Si-PCM40, and GO-Ti-
PCMA40.

Flow (cm)

PCMO PCM20 PCM40

Figure 22. Flow results of PCM incorporated geopolymer mix with graphite addition

4.2  Apparent density

The apparent density results for all mixes are shown in Figure 23. As seen in Figure
23, nano-SiO; added mixes have a higher density than the other composites.
Similarly, nano-TiO2 addition resulted in higher apparent density than the control
sample, GO-PCMO. The increase in apparent density is 3.8% and 2.21% for GO-Si-
PCMO and GO-Ti-PCMO compared to the control mix. Filling the spaces between
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the grains, nano-sized silica and titania particles provide a filler effect. Due to the
decreased capillary porosity, a higher packing density is observed. In addition to this
physical action, nano-SiOz exhibits pozzolanic reactivity, accelerating the formation
of (C, N)-A-S-H gels and contributing to a denser matrix. Therefore, an increase in
apparent density with nano-TiO> can be attributed to the filler effect, while higher
apparent density with nano-SiO> addition results from both the filler effect and

increased geopolymerization products.
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Figure 23. Apparent density results for different PCM replacement amounts. Dashed lines
represent the mixes with graphite powder addition.

Furthermore, it is observed that the apparent density reduces almost linearly as the
fraction of mPCM in the composites increase. It should be noted that the mPCM is
replaced with sand, and mPCM has a much lower specific gravity than the sand used
in this study (0.9 vs. 2.7). The obtained results are in line with this observation. For

instance, the apparent density was reduced by -3.9% (-0.10 g/cm?) and -9.9% (-0.21
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g/cm?) for GO-PCM20 and GO-PCM40 compared to the control mix. A similar trend
is observed for both nano-SiO2, and nano-TiO> added composites.

When graphite is added to the mixture, the apparent density for all composites is
reduced significantly. Without aggregates or fillers, the density of a cementitious
substance is around 1.9 to 2.0 g/cm?, whereas pure graphite has a density of 0.9 g/cm?®
[117]. Furthermore, graphite's porous structure increases the composites' total pore
volume, reducing the apparent density. Compared to GO-PCMO, the apparent density
decreased from 2.06 g/cm?® to 1.99 g/cm? for G10-PCMO. It should be noted that
adding nanoparticles into composites containing graphite did not make a difference
in terms of apparent density gain as geopolymerization reactions might be affected,
and it could be related to the weak bond between the hydrophobic graphite particles
and the binding matrix [118].

4.3  Flexural and compressive strength

The flexural and compressive strength results after 28 days are given in Figure 24, a
and b, respectively. As shown in Figure 24, the mechanical properties of the mPCM
incorporated mixtures decreased with increasing PCM content. Because of its low
shear strength and stiffness, mPCM is easily damaged under loading, and the
resulting voids likely functioned as weak spots after breaking, contributing to the
overall degradation of the mechanical strength cementitious composites [119]. The
reduction in compressive strength was -18.41% (-9 MPa) and 46.40% (-22.75 MPa)
for the mixes GO-PCM20 and GO-PCM40 compared to GO-PCMO, respectively. The
compressive and flexural strength of specimens containing nano-SiO, was greater

than that of specimens without nano-SiO..
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Figure 24. a) Flexural and b) compressive strength results of the composites at 28 days.
The dashed prisms represent composites with 10 wt% graphite addition.
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The increase in mechanical properties with nano-SiO; addition is attributed to the
inclusion of soluble silicates, enhanced the rate of the reaction, facilitated the
formation of long-chain silicate oligomers in the geopolymer matrix, and ultimately
improved the mechanical strength since soluble silicon concentration is the most
critical parameter that has to be considered for the geopolymerization process [120].
For instance, the flexural and compressive strength of GO-Si-PCMO enhanced by
53% (+1.57 MPa) and 19% (+9.22 MPa) compared to GO-PCMO, respectively. A
similar trend was observed when mPCM was added to the mixture, and the effect of
nano-SiO2 on strength gain was considerable even though mPCM particles prevented
further geopolymerization in the matrix. Adding nano-SiO> particles enhanced the
tensile and compressive strength of 40 vol% and replaced composite by 13% (+0.33
MPa) and 24% (+6.24 MPa) compared to GO-PCM40. The mechanical strength gain
provided with nano-SiO2 is important for mPCM incorporated mortars because
mPCM negatively affects the strength and may prevent the mPCM composites from
building applications, as a minimum strength should be satisfied for safety reasons.
Therefore, nano-SiO> addition to mPCM incorporated composites may allow the
inclusion of higher content of mPCM with minimum strength lost, which may enable
producing composites with better latent heat storage capacity.

Similar to nano-SiO2 addition, nano-TiO2 also increased the mechanical strength of
the mixes due to the filler effect of the nanoparticles in which densification of the
matrix and reduction of pore structure is achieved. However, the strength gain was
limited for the composites that contain nano-TiO2. The flexural and compressive
strength of GO-Si-PCMO0 enhanced by 9% (+0.27 MPa) and 5% (+2.52 MPa)
compared to GO-PCMO0. When mPCM is added to the matrix, the filler effect of the
nano-TiO> particles is further reduced. Adding nano-TiO: particles enhanced the
tensile and compressive strength of 40 vol%, replaced composite by 6% (+0.07 MPa)
and 3% (+1.54 MPa) compared to GO-PCM40. In addition, the relatively lower
strength gain of nano-TiO, added composites can be attributed to the agglomeration
of finer nano-TiO; particles.
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As can be seen in Figure 24, composites with graphite addition resulted in lower
mechanical performance regardless of the nanoparticle or mPCM incorporation than
the composites without graphite powder. The summary of the strength gain or loss

in strength compared to the control sample, GO-PCMO, is given in Table 13.

Table 13. Gain or loss in mechanical performance for all mixes with respect to the control

mix, GO-PCMO
Mix Flexural strength change Compressive strength change
(%) (%)
GO0-Si-PCMO0 +52.81 +18.8
GO-Ti-PCMO +8.99 +5.14
GO0-PCM20 -20.79 -18.42
GO-Si-PCM20 -14.61 -14.13
GO-Ti-PCM20 -5.82 -18.49
GO0-PCM40 -21.34 -46.40
GO-Si-PCM40 -11.24 -33.67
GO-Ti-PCM40 -19.11 -43.26
G10-PCMO -26.96 -46.42
G10-Si-PCMO +1.12 -42.79
G10-Ti-PCMO -22.47 -39.12
G10-PCM20 -19.10 -45.07
G10-Si-PCM20 -12.36 -52.62
G10-Ti-PCM20 -20.22 -52.41
G10-PCM40 -50.56 -53.33
G10-Si-PCM40 -10.11 -57.48
G10-Ti-PCM40 -25.84 -55.13

The graphite addition lowered the mechanical strength of the composites due to the
fact that the layers of graphite only interact via weak van der Waals forces, and
excessive graphite particles in the matrix promote the agglomeration of graphite,
which increases the matrix damage under load. Furthermore, this study used

relatively coarser graphite particles with an average particle size of 74 pm.
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Considering the particle size distribution of FA and GGBFS given in Figure 11,
coarser graphite particles might lead to a decrease in geopolymerization reactions as
the bond between binders is broken due to the presence of graphite particles; thus,
the filler effect of nanoparticles added to the matrix or enhanced geopolymerization
rate due to nano-SiO. addition was diminished as a result of the graphite
incorporation. However, it should be noted that the compressive strength was
affected more than the flexural strength of the composites. The flexural and
compressive strength of G10-PCMO0 was reduced by 27% (-0.80 MPa) and 46% (-
22.76 MPa) compared to GO-PCMO0. When mPCM is added to the matrix, the
mechanical performance of the composites is further reduced, as expected.

4.4  Scanning electron microscopy (SEM)

Figure 25 shows the SEM images of the geopolymer specimens without nanoparticle
addition from the failure surface of the compressive strength test at 28 days. As the
amount of PCM rises, the number of broken particles on the failure surface becomes
readily apparent. This is due to the PCM's poor shear strength and stiffness and the
failure of some PCM particles during shearing [13]. As seen in Figure 25.c, the
broken particles with 40% PCM addition are much more evident in the matrix than
in the specimens with 20% PCM addition. This is in line with apparent density and
mechanical strength results, as the inclusion of 40% mPCMs caused a decrease in
compressive strength by 20% compared to the specimen containing 20% PCM
addition. Furthermore, graphite powder addition increased the microcracks observed
in the surface because coarse graphite particles behaved like an obstacle for
geopolymerization reactions, as seen in Figure 25. By looking at the interface
between the graphite particles and the geopolymerization products, we can see that
the coarse graphite has an interfacial transition zone similar to aggregates [16], which
could lead to weak planes and a decrease in mechanical performance as graphite
addition decreased the compressive strength performance of the specimens up to
60% compared to GO-PCMO.
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Figure 25. The SEM images of a) GO-PCMO, b) GO-PCM20, c) G0-PCM40, d) G10-
PCMO, e) G10-PCM20, and f) G10-PCM40. BP: Broken mPCM particles and G is
graphite.

The mechanical strength results showed that adding nanoparticles to the composites
enhanced the mechanical performance due to the denser matrix due to the filler effect
and increased pozzolanic activity. Figure 26 shows the SEM images of nano-SiO2
incorporated specimens. As can be seen in Figure 26.a, it can be seen that the
microstructure of the GO-Si-PCMO is dense and uniform without pores. The dense
microstructure of the sample may be generated by the high activity of nano-silica
particles, which enhances the geopolymerization reactions to form more C,N-A-S-H
gel for a higher mechanical strength than the sample without nanosilica. In addition,
no agglomerated nano-SiO> particles were observed in the images, indicating that
nanoparticle dispersion was sufficient. Similar to the control mixes, broken particles
of mPCMs were observed for 20 and 40% of mPCM incorporated samples. Besides,
the inclusion of graphite into the matrix increased the visible cracks.
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Figure 26. The SEM images of a) GO-Si-PCMO, b) GO-Si-PCM20, c) GO-Si-PCM40, d)
G10-Si-PCMO, e) G10-Si-PCM20, and f) G10-Si-PCM40. BP: Broken mPCM particles
and G is graphite.

Similar to nano-SiO; addition, nano-TiO> resulted in a denser matrix due to the
filler effect. However, as can be seen in Figure 27.a, agglomerated nano-TiO>
particles were observed in SEM images, in which agglomerates are well-bonded to
the matrix. nano-TiO2 was confirmed with Ti-rich EDS spectra. Previous research
is done on nano-TiO2 incorporated cementitious systems also revealed a high
agglomeration tendency of nano-TiO particles [121][122]. For instance, Shafaei et
al. [122] used a high-shear mixer to de-agglomerate the nano-TiO; particles as they
tend to agglomerate when mixing with water. However, their results also showed
agglomerated particles in the hardened composites after reaching a certain addition
amount. Similar to the control mixes, broken particles of mMPCMs were observed
for 20 and 40% of mPCM incorporated samples. Besides, the inclusion of graphite

into the matrix increased the visible cracks.
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Figure 27. The SEM images of a) GO-Ti-PCMO, b) GO-Ti-PCM20, ¢) GO-Ti-PCM40, d)
G10-Ti-PCMO, e) G10-Ti-PCM20, and f) G10-Ti-PCM40. BP: Broken mPCM particles, G
is graphite, and TiO; is agglomerated nano-TiOx.

45  Differential scanning calorimetry (DSC)

The DSC results of the composites are given in Figure 32. In addition, the melting
and freezing processes' phase change temperatures and latent heat values are
described in Figure 28 to Figure 33. The latent heat capacities are derived by
numerically integrating the entire area beneath the peaks of the solid-liquid
transition curves of the PCMs in the composite [63]. As seen, the curves of PCM-
incorporated mortars exhibit peaks at almost the same temperature, around 20-25 °C
within the phase change range of PCM, whereas the curve of the reference samples
is smooth. As expected, the latent heat capacity of the samples was increased with
the increasing amount of mPCM incorporation, and the thermal inertia of the
specimens doubled for 20 vol% and 40 vol% samples, respectively. As can be seen
in the figures, the presence of the endothermic peaks for PCM20 and PCM40
samples confirms that the phase transition occured. For instance, the latent heat
capacity of GO-PCM20 was 4.29 J/g, and it increased to 8.07 J/g for GO-PCM40

mixture. The similar trend was observed for all samples due to the fact that mPCMs
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are the only latent heat storage medium in the composites; thus, inclusion of

nanoparticles or graphite powder would not affect the heat storage capacity of the
samples.

The differences in latent storage capacities between samples are related to the
heterogenous nature of the composites. Therefore, with the addition of 20 vol%
mPCM, melting enthalpy of the samples was changed between 3.10 and 4.29 J/g, on
the other hand, 40 vol% addition, melting enthalpy of the samples was changed
between 6.20 and 10.51 J/g, which are consistent with the literature
[47][123][124][112].
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Figure 28. The endothermic and exothermic curves from the obtained DSC results for
G0-PCMO, GO-PCM20, and GO-PCM40
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Figure 30. The endothermic and exothermic curves from the obtained DSC results for
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Figure 33. The endothermic and exothermic curves from the obtained DSC results for
G10-Ti-PCMO, G10-Ti-PCM20, and G10-Ti-PCM40

Pomianowski et al. [125] propose 4 different methods to evaluate the specific heat
capacity of PCM integrated inhomogenous composite: the theoretical method, the
simple method, the numerical simple method, and the inverse method. In this study,
the simple method was applied to find the specific heat capacity of the composites
as METU Central Laboratory was unable to perform the experimental ASTM

method named “Sapphire method” to find the specific heat capacity of the samples.

The simple method makes it possible to find an average specific heat capacity from
DSC curves in a defined temperature range using the Eqns. (24) and (25), where AQ
is the internal energy increase of the sample, m is the mass sample, C, is the specific
heat capacity, and dT is the temperature difference between the beginning and the

end of the sample heating process.

AQ (24)

Cp m X dT
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and

Tena (25)
AQ = q(T)dT

Tstart

Todetermine AQ, the integrated part of the heat flow vs. temperature graph was used.

Table 14. Thermophysical properties of mPCM and PCM incorporated composites.

Mix Melting Crystallization
process process
Tp AHm To AHc Cr
0 (J/9) (°C) (J/9) (J/g °C)
nextek 24D 24.59 155.69 19.78 160.22 32
G0-PCM20 23.87 3.59 20.36 3.47 1.41
G0-Si-PCM20 24.34 4.29 20.25 4.50 1.76
GO-Ti-PCM20 23.33 3.66 20.59 3.36 1.40
GO0-PCM40 23.74 8.07 21.25 4.64 1.40
G0-Si-PCM40 24.59 7.83 20.58 8.15 2.54
GO-Ti-PCM40 24.73 10.51 20.35 10.72 4.25
G10-PCM20 23.52 3.10 20.57 3.10 1.24
G10-Si-PCM20 23.88 3.18 20.77 3.27 1.29
G10-Ti-PCM20 23.93 3.65 20.18 2.16 1.16
G10-PCM40 22.86 6.20 20.45 5.74 2.34
G10-Si-PCM40 24.87 9.28 20.35 9.26 3.71
G10-Ti-PCM40 23.90 6.74 20.58 6.21 2.59

4.6  Thermal conductivity

Figure 34 shows the thermal conductivity results of the composites by the Hot Disk
measurement. As seen in Figure 34, the thermal conductivity of all samples

decreases with mPCM addition. In this study, mPCM was incorporated into the
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mixtures to replace the same volume percentage of the sand. The thermal
conductivity of the quartz sand used was around 0.4 W/mK, whereas the mPCM has
a much lower thermal conductivity of about 0.08 W/mK. Therefore, a reduction in
thermal conductivity was inevitable, and incorporating mPCM resulted in 7.19% (-
0.09 W/m K) and 24.19% (-0.31 W/m K) reduction in thermal conductivity for GO-
PCM20 and GO-PCM40 samples, compared to GO-PCMO, respectively. A similar

trend was also observed for the samples containing nano-SiO2 and nano-TiO».

Although previous studies showed that the higher amount of nano-SiO> addition to
the cement matrix could decrease the composites’ thermal conductivity [126], the
current study's results showed that adding nano-SiO; particles enhanced the overall
thermal conductivity of the system. This can be attributed to the fact that 0.8 wt%
addition of nano-SiO2 was not enough to reach the percolation threshold; thus, their
physical effect was minimal on the total thermal conductivity of the composites.
Moreover, combining the filler effect and increasing geopolymerization reactions
results in a denser matrix, as seen in both mechanical strength and apparent density
results. Therefore, a denser matrix with better heat transfer properties was Compared
to the GO-PCMO sample, and the thermal conductivity of GO-Si-PCMO0 was enhanced
by 18% by nano-SiO addition. The same effect was also observed for GO-Si-
PCM20, in which thermal conductivity was improved by 7% compared to GO-
PCM20. On the other hand, adding nano-SiO, was ineffective in increasing the
thermal conductivity of GO-Si-PCM40, in which thermal conductivity was reduced
by 15% compared to GO-PCM40. The decrease in thermal conductivity was due to
the higher amounts of mPCM s incorporated into the matrix, which caused a lowering

in geopolymerization reactions, increasing the overall porosity.
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Figure 34. The thermal conductivity results from Hot Disk measurement. a) Control, b)
nano-SiO2 added, and ¢) nano-TiO2 added composites. The light-colored column bars
represent the samples without graphite, and the dark ones represent those with graphite.
The lines represent the thermal conductivity change, straight lines represent the change
with respect to control samples without graphite, and the dashed line represents graphite
addition.

Similar to nano-SiO2, nano-TiO. addition also increased the samples' thermal
conductivity. For instance, compared to the GO0-PCMO sample, the thermal
conductivity of GO-Si-PCMO was enhanced by 16% by nano-SiO. addition.
However, with 40% mPCM addition, the thermal conductivity was decreased by -
11% (-0.102 W/m K) because the total porosity was increased further with increasing

mPCM as can be understood from flexural and compressive strength results.

When graphite was added to the composite, the thermal conductivity of all samples
was increased, and the loss due to mPCM incorporation was recovered. As low heat
conduction in the matrix might effect the charging/discharging properties, the
recovery of thermal conduction by adding graphite is an important step to increase
the overall energy storage performance of the composites. Compared to the GO-
PCMO sample, the thermal conductivity was improved by +22% (0.28 W/m K),
+30% (0.38 W/m K), and 18% (0.23 W/m K) for G10-PCMO0, G10-Si-PCMO, and
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G10-Ti-PCMO, respectively. The same trend in thermal conduction increase was also
observed for the samples containing mPCMs.
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CHAPTER 5

CONCLUSIONS

Reducing heating and cooling-related energy use in buildings has become a top
priority for many countries to achieve the carbon neutrality target and respond to the
growing energy crisis. Furthermore, utilizing alternative binders to decrease the
dependency on ordinary Portland cement is important to reduce global greenhouse
gas emissions, as manufacturing of ordinary Portland cement is responsible for

nearly 10% of the total global CO, emission.

In this study, a novel mPCM incorporated geopolymer composite was developed to
be used in passive building applications to reduce buildings’ heating and cooling
energy demand. Furthermore, different locally available industrial wastes, FA and

GGBFS, were activated to produce low-carbon and affordable composites.

Although mPCM-incorporated cementitious systems have been tried in buildings for
various applications, the mechanical strength loss due to mPCM incorporation into
the matrix is one of the biggest obstacles to the widespread application of the mPCM
incorporated building elements. In addition, the low thermal conductivity of the
matrix due to mPCM incorporation affects the charging and discharging properties
of the cementitious composites as an effective melting/solidification process is vital
for efficiently utilizing the latent heat capacity of the mPCMs.

Therefore, nanoparticles and graphite platelets were utilized to address the
abovementioned problems. First, nano-SiO2 and nano-TiO; particles were added to
increase the geopolymer nanocomposites' mechanical properties. Secondly, graphite
platelets were incorporated into the system to enhance the heat transfer properties of
the geopolymer matrix. The overall effect of using nanoparticles and graphite

platelets on the geopolymer composites’ thermal and mechanical properties was
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investigated systematically. Based on the experimental results, the following

conclusion can be drawn:

Nano-SiO2 and mPCM addition reduced the flowability of the mixtures. The
reduced flowability of the mPCM incorporated mixes is explained by
increasing in solid content and high water absorption capacity of mPCM.
Furthermore, the volume replaced by mPCM has a much finer particle size
distribution than the sand; thus, increasing surface area of the mPCM
inevaitably results in higher water demand than the same volume of the sand
replaced. On the other hand, replacing nano-TiO> with binders did not
considerably reduce the mixtures' flowability considerably. This behavior
may be linked to nanoparticle agglomeration, which reduces the accessible
surface area for interaction and water absorption.

The apparent density of the mixtures was increased with nanoparticle
addition due to the filler effect of the nanoparticles. Due to the decreased
capillary porosity, a higher packing density was observed. In addition, nano-
SiO2 exhibits pozzolanic reactivity, accelerating the geopolymerization and
contributing to a denser matrix.

The mechanical properties of the mPCM incorporated mixtures decreased
with increasing PCM content. The reduction in compressive strength was —
up to 50% compared to the control specimen. The compressive and flexural
strength of specimens containing nano-SiO; was greater than those without
nano-SiO2 due to the denser matrix achieved. The mechanical strength was
reduced with graphite addition due to the fact that the layers of graphite only
interact via weak van der Waals forces, and excessive graphite particles in
the matrix promote the agglomeration of graphite, which increases the matrix
damage under load.

The effectiveness of nanoparticles in increasing the mechanical performance
of the geopolymer composites was decreased with graphite addition due to
the progression of interfacial transition zone comparable to that of aggregates

for the coarse graphite.

94



e All developed composites had 28-day compressive strength higher than 20
MPa, making them suitable for building applications.

e The SEM images revealed that composites with nanoparticle addition have a
denser matrix than the control specimen and the composites with graphite
addition. The increasing quantity of micropores due to mPCM addition was
observed with broken particles as a result of the compression test.

e The DSC results showed that mPCM incorporated composites have latent
heat storage capacity changing between 3-10 J/g depending on the
geopolymer composition, and latent heat storage capacity increased with the
increasing amount of PCM added.

e Graphite inclusion greatly improved the composites' thermal conductivity.
Due to the high thermal conductivity and high surface area of the graphite
platelets present, thermally conductive networks were formed in the cement

matriX, enhancing the latent heat storage and release rates of the mPCMs.

The experiment results showed that geopolymer composites with enhanced thermal
and sufficient mechanical properties were developed by incorporating nanoparticles
and graphite platelets into the geopolymer matrix. However, there are some
limitations regarding the scope of this study. First, the numerical and experimental
validation should be done to observe the overall effect of the mPCM integrated
composites on reducing the buildings' cooling/heating energy demand. In particular,
the impact of increasing the thermal conductivity of the matrix should be investigated
thoroughly by investigating different wall configurations. Secondly, despite adding
more mPCM into the matrix resulting in better thermal energy storage capacity, the
workability and mechanical properties of the composites were seriously affected.
Besides, the addition of nano-SiO> further reduced the workability of the composites.
Therefore, the water-to-cement ratio in the mix design could be increased if more
mPCM is added. However, due to the reduction in workability and mechanical
properties, as well as the economic concerns regarding the relatively high price of
the mPCM, 40% volume addition was seen as adequate. However, the effectiveness

of the developed composites can be measured after conducting further experimental
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and numerical investigations considering the real-life applications. For instance, an
increase in thermal conductivity could lead to more charging/discharging and more
energy stored in the composite; however, how occupant comfort and energy demand
will be affected should be extensively investigated considering various parameters
such as climatic conditions, wall configuration and the thickness of the PCM
integrated layer. In future studies, the performance of the developed composites will

be investigated.
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